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Modular synthesis of pyritides 
 
Abstract:  
Total synthesis of the pyritide A2, a natural product of the newly discovered group of 
pyritides, was envisioned by the Sarlah group. We have approached the synthesis of the 
2,3,6-trisubstituted pyridine core, bearing two carboxylic groups and one substituent 
originating from arginine, with two synthetic strategies. Preliminary experiments with 
the Minisci-type alkylation of 3,6-disubstituted pyridine were not successful; thus, we 
terminated examination of this route. De novo synthesis of the pyridine ring was 
employed as the second route. We had to consider appropriate protecting groups for two 
carboxylic groups (ethyl, 2-(trimethylsilyl)ethyl and 2,2,2-trichloroethyl protecting 
groups) and for both arginine-originating α-amino and guanidino groups 
(tert-butoxycarbonyl and benzyloxycarbonyl protecting groups). Orthogonal protecting 
groups will allow selective deprotection and enable the desired reactivity of the 
trisubstituted pyridine in further peptide coupling reactions towards the synthesis of the 
pyritide A2. We started this synthetic route with the model system based on 
phenylalanine and translated results to the real system based on arginine. Corresponding 
O-protected phosphonium ylides were prepared from 2-bromoacetyl bromide in three 
steps and were further coupled with corresponding α-amino acid. PyAOP performed the 
best of the peptide coupling reagents examined, resulting in 40–83% transformation. 
The formed stabilized ylides were masking the vicinal tricarbonyl functionality, which 
could be revealed upon oxidative cleavage of carbon-phosphorous bond. Oxidation was 
successful with ozone, while other oxidants did not provide practical conversions. 
Furthermore, one-pot reaction with corresponding amidrazone (triazine formation with 
condensation) and 2,5-norbornadiene (aza-Diels–Alder reaction and rearomatization) 
yielded the compounds of interest. Starting from stabilized ylides, heterocyclic product 
of the phenylalanine-based system could be prepared in 40% yield, while the targeted 
arginine-based system gave 14–25% yields. Finally, the 2,3,6-trisubstituted pyridine 
core was accessible with the de novo synthetic route in low yields, which are expected 
to be improved with further optimization. 
 
Keywords: pyritides, total synthesis, stabilized phosphorous ylides, vicinal 
tricarbonyls, 2,3,6-trisubstituted pyridines. 
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Modularna sinteza piritidov 
 
Povzetek:  
Genomika je z napredkom v DNK sekvenciranju, skupaj z bioinformatiko in 
genomskim rudarjenjem (angl. genome mining), omogočila pospešeno odkrivanje novih 
naravnih produktov. Tako je D. A. Mitchell s sodelavci nedavno poročal o odkritju 
novega razreda naravnih produktov, ki pripadajo skupini ribosomalno sintetiziranih in 
post-translacijsko modificiranih peptidov (angl. ribosomally synthesized and 
post-translationally modified peptides; RiPPs). Genski zapis za njihovo biosintezo je bil 
odkrit v genomu organizma Micromonospora rosaria. Zapis za nekatere encime, 
udeležene pri biosintezi omenjenih novih naravnih produktov, je podoben, kot ga 
najdemo v genskem zapisu za sintezo tiomuracinov (angl. thiomuracins). Struktura 
novih produktov je bila predvidena na podlagi teh podobnosti in tudi lastnosti, da iz 
genskega zapisa za ribosomalno sintetizirane in post-translacijsko modificirane peptide 
lahko zelo dobro napovemo njihovo strukturo. Piritidi, kot so bili novi naravni produkti 
poimenovani, imajo makrociklično peptidno strukturo, ki vsebuje substituirano 
piridinsko jedro. Kemijska karakterizacija enega izmed produktov je zahtevala njegovo 
neodvisno totalno kemijsko sintezo. 
Z retrosintezno analizo piritida A2 (angl. pyritide A2) je raziskovalna skupina 
D. Šarlaha in sodelavcev strukturo produkta razdelila na dva peptidna fragmenta ter 
trisubstituirano piridinsko jedro. Možne poti za sintezo slednjega smo preučili v 
magistrskem delu, glavni izziv pa je predstavljala namestitev stranske skupine, ki izvira 
iz arginina. Substituirane piridine sicer lahko sintetiziramo na dva glavna načina - s 
substitucijo na piridinskem skeletu ali z de novo sintezo. 
Alkiliranje na mestu 2 piridinskega skeleta je bilo načrtovano z uporabo reackcije tipa 
Minisci. V nedavno objavljenem literaturnem postopku so bili pod fotokatalitskimi 
pogoji, ob prisotnosti iridijevega fotokatalizatorja, kot prekurzorji nukleofilnih 
ogljikovih radikalov uporabljeni N-hidroksibenzimidoil klorid estri (angl. 
N-hydroxybenzimidoyl chloride esters; NHBC esters), alkiliranje pa je poteklo na mestu 
2 pri različnih dušik-vsebujočih heterociklih. Paralelno smo izvedli kontrolni poskus, 
ponovljen iz literature, ter modelni poskus pri katerem smo za heterociklični substrat 
izbrali disubstituiran piridin. V obeh poskusih smo N-hidroksibenzimidoil klorid ester v 
treh korakih pripravili iz N-Boc-L-fenilalanina. Preliminarni rezultati za modelni sistem 
so pokazali, da želeni produkt ni bil prisoten niti v sledeh. Na podlagi teh rezultatov in 
radikalskega mehanizma, ki bi pomenil izgubo stereokemijske informacije (ki izvira iz 
amino kisline), smo omenjeno sintezno pot opustili.  
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Druga sintezna strategija je temeljila na de novo sintezi piridinov. Ker bo končni 
2,3,6-trisubstituirani piridinski produkt udeležen v nadaljnjih reakcijah peptidnega 
spajanja (angl. peptide coupling), smo morali izbrati ustrezne zaščitne skupine za dve 
karboksilni skupini (etilna, 2-(trimetilsilil)etilna in 2,2,2-trikloroetilna zaščitna skupina) 
ter α-amino in gvanidino skupini, izvirajoči iz arginina, (tert-butoksikarbonil in 
benziloksikarbonil zaščitni skupini). Ortogonalne zaščitne skupine bi omogočile njihovo 
selektivno odstranitev in želeno reaktivnost v nadaljnjih pretvorbah. 
Za raziskovanje učinkovitosti poskusnih pretvorb smo zasnovali modelni sistem, 
temelječ na N-Boc-L-fenilalaninu, rezultate pa smo nato prenašali na realni sistem, 
temelječ na Nα-Boc-Nω,Nω'-bis(Cbz)-argininu. 
Iz 2-bromoacetil bromida smo sprva v treh korakih (sinteza estra z ustreznim 
alkoholom, substitucija s trifenilfosfinom ter deprotoniranje z bazo) pripravili ustrezne 
O-zaščitene fosforjeve ilide. Te smo v naslednjem koraku spajali z aminokislinami ob 
prisotnosti reagentov za peptidno spajanje. Pri tem smo testirali učinkovitost različnih 
reagentov za spajanje. Najprej smo v obeh sistemih (modelnem in realnem) uporabili le 
O-etil zaščitene ilide. EDC, ki je sicer široko uporabljen reagent za spajanje, je dal ob 
prisotnosti DMAP in dveh ekvivalentov ilida zelo dobre rezultate na modelnem sistemu 
(izkoristek do 86%). Pri uporabi istih pogojev smo na realnem sistemu opazili občutno 
manjši izkoristek (53%). Pri poskusu optimizacije reakcijskih pogojev smo zaznali 
primerljive ali kvečjemu nižje izkoristke. Uporaba CDI je, kljub poskusu optimizacije 
reakcijskih pogojev, dala zelo nizke, največ 30-odstotne izkoristke.  
Pri obeh sistemih (modelnem in realnem) je HATU izkazal dobre izkoristke pri reakciji 
v CH2Cl2, medtem ko so bili pri reakciji v DMF izkoristki nekoliko nižji. Podobno se je 
pri reakciji v CH2Cl2 in DMF izkazal PyAOP. Slednji je sicer dosegel nekoliko boljši 
izkoristek pri realnem sistemu (73%). Na podlagi teh rezultatov smo se odločili za 
optimizacijo reakcijskih pogojev z uporabo PyAOP. Ko je bil le-ta uporabljen v 
množini 1,1–1,2 ekvivalenta glede na aminokislino, pri koncentraciji 0,2 M v CH2Cl2 in 
ob prisotnosti treh ekvivalentov baze DIPEA, smo pri modelnem sistemu količino ilida 
lahko zmanjšali z dveh na 1,1 ekvivalenta in ohranili izkoristek v območju 80%. Pri 
realnem sistemu se je izkoristek v tem primeru zmanjšal za četrtino, zato smo optimalen 
rezultat (okoli 80%) dosegli z dvema ekvivalentoma ilida ter ga v tem območju ohranili 
tudi na večji skali.  
Z optimiziranimi reakcijskimi pogoji sinteze s PyAOP smo nadaljevali spajanje med 
argininom ter 2-(trimetilsilil)etil in 2,2,2-trikloroetil O-zaščitenima ilidoma. Slednja 
nista bila v obliki trdnih kristaliničnih produktov, zato smo se odločili, da ju pripravimo 
in situ iz fosfonijevih soli ob dodatku večje količine baze. Pri tem smo dosegli solidne 
izkoristke za 2-(trimetilsilil)etilno zaščito (59–73%) ter sprejemljive izkoristke za 
2,2,2-trikloroetilno zaščito (40–50%). V obeh primerih pa je bilo opaziti zmanjšanje 
izkoristka pri povečanju reakcijske skale.  
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Pripravljeni stabilizirani fosforjevi ilidi so hkrati maskirali vicinalni trikarbonilni motiv, 
ki je bil razkrit po oksidativni cepitvi vezi med ogljikom in fosforjem. Najbolje se je 
izmed preizkušenih oksidantov izkazal ozon. Z ozonolizo smo pri −78 °C v CH2Cl2 
dosegli popolno konverzijo reaktanta, vendar smo pri tem ugotovili, da stranski produkti 
nastajajo ne glede na njeno postopnost. Samih vicinalnih trikarbonilov nismo uspeli 
izolirati, njihova stabilnost je vprašljiva. Kljub težavam pri uporabi ozona pa smo le z 
njim dosegli popolno konverzijo reaktantov, produkte smo za nadaljnje pretvorbe 
uporabili nemudoma in brez predhodne izolacije. Ostali oksidanti, ki smo jih preizkusili 
(Oxone, NaIO4, mCPBA, Davisov oksaziridin), so v različnih topilih pod različnimi 
pogoji v daljših reakcijskih časih dosegli zelo slabo konverzijo reaktantov. 
Ločeno smo iz etil 2-amino-2-oksoacetata v dveh korakih, v prvem koraku z 
Lawessonovim reagentom in v drugem koraku s hidrazinom, pripravili ustrezni 
amidrazon. Nato smo vicinalne trikarbonilne spojine z enolončnim (angl. one-pot) 
procesom v dveh korakih pretvorili v 2,3,6-trisubstituirane piridine. Amidrazon je pri 
kondenzaciji s surovimi vicinalnimi trikarbonili formiral trisubstituirane 1,2,4-triazine. 
Njihova nadaljnja aza-Diels–Alderjeva reakcija z 2,5-norbornadienom (angl. 
2,5-norbornadiene), eliminacija dušika in rearomatizacija so pripeljale do sinteze 
želenih piridinov. Po optimizaciji reakcijskih pogojev in in situ priprave amidrazona (iz 
etil 2-amino-2-tiooksoacetata in hidrazina) je enolončni proces potekal 1–2 h pri sobni 
temperaturi in nato 20–21 h pri 60 °C. Pri tem smo se soočili z nizkimi izkoristki 
pretvorb (37% za modelni ter 14–25% za realni sistem; reaktanti v obeh sistemih so bili 
pripojeni fosfonijevi ilidi), ki so lahko posledica različnih dejavnikov (nestabilnost 
substratov, reaktivnost stranskih produktov, reakcijski pogoji). Kljub vsemu pa smo 
dokazali, da so želeni 2,3,6-trisubstituirani piridini sintezno dostopni, a hkrati ostaja 
prostor za izboljšave reakcijskih pogojev, ki bi vodili v boljše izkoristke pretvorb.  
 
Ključne besede: piritidi, totalna sinteza, stabilizirani fosforjevi ilidi, vicinalni 




Table of Contents 
1 Introduction ............................................................................................................ 1 
1.1 Amide bond formation and peptide coupling reagents ..................................... 1 
1.1.1 Carbodiimide reagents .............................................................................. 1 
1.1.2 Imidazolium reagents ............................................................................... 2 
1.1.3 Uronium/aminium reagents ...................................................................... 3 
1.1.4 Immonium reagents .................................................................................. 4 
1.1.5 Phosphonium reagents .............................................................................. 5 
1.1.6 Organophosphorous reagents ................................................................... 6 
1.1.7 Acid halogenating reagents ...................................................................... 7 
1.1.8 Other coupling reagents ............................................................................ 7 
1.1.9 Racemization during peptide coupling ..................................................... 8 
1.1.10 Racemization suppressants in peptide coupling ....................................... 9 
1.2 Protecting groups in amino acid coupling chemistry ..................................... 10 
1.2.1 α-Amino group protection ...................................................................... 10 
1.2.2 α-Carboxylic acid group protection ........................................................ 10 
1.2.3 Protection and reactivity of an arginine side chain................................. 13 
1.3 Phosphorous ylides ......................................................................................... 15 
1.3.1 Preparation of C,P-carbon substituted phosphorous ylides .................... 16 
1.4 Vicinal tricarbonyl compounds ...................................................................... 17 
1.5 Selected pyridine-synthesis strategies and pyridine transformations ............. 19 
1.5.1 Synthesis of pyridines using vicinal carbonyl substrates ....................... 19 
1.5.2 Minisci reaction ...................................................................................... 20 
1.6 Selected biochemical topics related to pyritides............................................. 21 
1.6.1 Genome mining ...................................................................................... 21 
1.6.2 Ribosomally synthesized and post-translationally modified peptides .... 21 
1.6.3 Thiopeptides ........................................................................................... 21 
1.6.4 Pyritides .................................................................................................. 22
 
xi 
2 Purpose of the thesis ............................................................................................. 23 
3 Results and discussion .......................................................................................... 25 
3.1 Retrosynthetic analysis and synthetic strategy ............................................... 25 
3.2 De novo synthesis of a pyridine ...................................................................... 28 
3.2.1 Synthesis of phosphonium ylides bearing a protected carboxylic acid 
moiety ..................................................................................................... 28 
3.2.2 Coupling of α-amino acids with phosphonium ylides ............................ 29 
3.2.3 Oxidation of phosphonium ylides to form vicinal tricarbonyl compounds 
  ................................................................................................................ 35 
3.2.4 Synthesis of the pyridine ring from vicinal tricarbonyl compounds ...... 36 
3.3 Substitution on a pyridine ring ....................................................................... 40 
3.3.1 Minisci-type reaction .............................................................................. 40 
4 Experimental ......................................................................................................... 43 
4.1 Synthesis of tert-butyl (1-(((chloro(phenyl)methylene)amino)oxy)-1-oxo-3-
phenylpropan-2-yl)carbamate (24) ................................................................ 44 
4.2 Synthesis of tert-butyl (1-(4-methylquinolin-2-yl)-2-phenylethyl)carbamate 
(20) ................................................................................................................. 45 
4.3 Synthesis of ethyl 2-amino-2-thioxoacetate (18)............................................ 46 
4.4 Synthesis of ethyl 2-amino-hydrazineylideneacetate (8a).............................. 47 
4.5 Synthesis of 2-(trimethylsilyl)ethyl 2-bromoacetate (15b) ............................ 48 
4.6 Synthesis of 2,2,2-trichloroethyl 2-bromoacetate (15c) ................................. 49 
4.7 Synthesis of (2-ethoxy-2-oxoethyl)triphenylphosphonium bromide (16a) .... 50 
4.8 Synthesis of (2-oxo-2-(2-(trimethylsilyl)ethoxy)ethyl)triphenylphosphonium 
bromide (16b) ................................................................................................ 51 
4.9 Synthesis of (2-oxo-2-(2,2,2-trichloroethoxy)ethyl)triphenylphosphonium 
bromide (16c) ................................................................................................. 52 
4.10 Synthesis of ethyl 2-(triphenyl-λ5-phosphaneylidene)acetate (5a) ................ 53 
4.11 Synthesis of 2-(trimethylsilyl)ethyl 2-(triphenyl-λ5-phosphaneylidene)acetate 
(5b) ................................................................................................................. 54 




4.13 Synthesis of ethyl (S)-4-((tert-butoxycarbonyl)amino)-3-oxo-5-phenyl-2-
(triphenyl-λ5-phosphaneylidene)pentanoate (6a) ........................................... 56 
4.14 Synthesis of ethyl (S)-7-(2,3-bis((benzyloxy)carbonyl)guanidino)-4-((tert-
butoxycarbonyl)amino)-3-oxo-2-(triphenyl-λ5-phosphaneylidene)heptanoate 
(6b) ................................................................................................................. 57 
4.15 Synthesis of 2-(trimethylsilyl)ethyl (S)-7-(2,3-
bis((benzyloxy)carbonyl)guanidino)-4-((tert-butoxycarbonyl)amino)-3-oxo-
2-(triphenyl-λ5-phosphaneylidene)heptanoate (6c) ........................................ 58 
4.16 Synthesis of 2,2,2-trichloroethyl (S)-7-(2,3-
bis((benzyloxy)carbonyl)guanidino)-4-((tert-butoxycarbonyl)amino)-3-oxo-
2-(triphenyl-λ5-phosphaneylidene)heptanoate (6d) ....................................... 59 
4.17 Synthesis of diethyl (S)-6-(1-((tert-butoxycarbonyl)amino)-2-
phenylethyl)pyridine-2,5-dicarboxylate (11a) ............................................... 60 
4.18 Synthesis of diethyl (S)-6-(5-(((benzyloxy)carbonyl)amino)-14,14-dimethyl-
3,12-dioxo-1-phenyl-2,13-dioxa-4,6,11-triazapentadec-4-en-10-yl)pyridine-
2,5-dicarboxylate (11b) .................................................................................. 61 
4.19 Synthesis of 2-ethyl 5-(2-(trimethylsilyl)ethyl) (S)-6-(5-
(((benzyloxy)carbonyl)amino)-14,14-dimethyl-3,12-dioxo-1-phenyl-2,13-
dioxa-4,6,11-triazapentadec-4-en-10-yl)pyridine-2,5-dicarboxylate (11c) ... 62 
4.20 Synthesis of 2-ethyl 5-(2,2,2-trichloroethyl) (S)-6-(5-
(((benzyloxy)carbonyl)amino)-14,14-dimethyl-3,12-dioxo-1-phenyl-2,13-
dioxa-4,6,11-triazapentadec-4-en-10-yl)pyridine-2,5-dicarboxylate (11d) ... 63 
5 Conclusion ............................................................................................................. 65 
6 Literature .............................................................................................................. 67 





List of Abbreviations 
2-Cl-Trt 2-chlorotrityl 
Ac  acetyl 
ACS  American Chemical Society 
Al  allyl 
Alloc  allyloxycarbonyl 
anh.  anhydrous 
AOMP 5-(7-azabenzotriazol-1-yloxy)-3,4-dihydro-1-methyl  
  2H-pyrrolium hexachloroantimonate 
AOP  (7-azabenzotriazol-1-yl)oxytris(dimethylamino) phosphonium   
  hexafluorophosphate 
Arg  arginine 
ATR  attenuated total reflection 
BDMP 5-(1H-benzotriazol-1-yloxy)-3,4-dihydro-1-methyl  
  2H-pyrrolium hexachloroantimonate 
BGC  biosynthetic gene clusters 
BMC  N-tert-butyl-N'-methylcarbodiimide 
Bn  benzyl 
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CMBI  2-chloro-1,3-dimethyl 1H-benzimidazolium hexafluorophosphate 




DCC  dicyclohexylcarbodiimide 
DCM  dichloromethane 
DCU  dicyclohexylurea 
DEA  diethylamine 
DECP  diethylcyanophosphonate 
DEPB  diethyl phosphorobromidate 
DEPC  diethyl phosphorochloridate 
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DNA  deoxyribonucleic acid 
DNK  slov. deoksiribonukleinska kislina (eng. DNA) 
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DPP-Cl diphenylphosphinic chloride 
EDC  1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
EEDQ  2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline 
equiv.  equivalent 
ESI  electrospray ionization 
Et  ethyl 
Fm  9-fluorenylmethyl 
Fmoc  9-fluorenylmethoxycarbonyl 
FT-IR  Fourier-transform infrared spectroscopy 
Gly  glycine 
HATU O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium   
  hexafluorophosphate 
HBTU  O-(benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate 
HMBC heteronuclear multiple bond correlation spectroscopy 
HMPA hexamethylphosphoramide 
HOAt  1-hydroxy-7-azabenzotriazole 
HOBt  1-hydroxy-1H-benzotriazole 
HRMS high-resolution mass spectrometry 
HSQC  heteronuclear single quantum coherence spectroscopy 
i- or i  iso (descriptor) 
IBCF  isobutyl chloroformate 
 
xv 
Ile  isoleucine 
IR  infrared spectroscopy 
IUPAC International Union of Pure and Applied Chemistry 
LC–MS liquid chromatography–mass spectrometry 
LED  light-emitting diode 
Leu  leucine 
LP  leader peptide 
mCPBA meta-chloroperoxybenzoic acid 
Me  methyl 
Mts  mesityl-2-sulfonyl 
n- or n  normal (descriptor) 
NCS  N-chlorosuccinimide 
NHBC N-hydroxybenzimidoyl chloride (ester) 
NMR  nuclear magnetic resonance (spectroscopy) 
p  para (descriptor) 
Pbf  2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-sulfonyl 
PEC  phenylethylcarbodiimide 
PG  protecting group 
Ph  phenyl 
Phe  phenylalanine 
PPAA  2-propanephosphonic acid anhydride 
Pr  propyl 
PyAOP [(7-azabenzotriazol-1-yl)oxy]tri(pyrrolidino)phosphonium 
  hexafluorophosphate 
PyBOP benzotriazol-1-yloxytri(pyrrolidino)phosphonium hexafluorophosphate 
PyBroP bromotri(pyrrolidino)phosphonium hexafluorophosphate 
PyCloP chlorotri(pyrrolidino)phosphonium hexafluorophosphate 
r.t.  room temperature 
Rf   retention factor 
RiPP  ribosomally synthesized and post-translationally modified peptide 
SET  single electron transfer 
SPPS  solid-phase peptide synthesis 
t- or t  tert (descriptor) 
T3P  → PPAA 
TATU  O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate 
TBAF  tetra-n-butylammonium fluoride 
TBTU  O-benzotriazol-1-yl-1,1,3,3-tetramethyluronium tetrafluoroborate 
 
xvi 
TCA  trichloroacetic acid 
Tce  2,2,2-trichloroethyl 
TCP  tetrachlorophtaloyl 
TEAF  tetraethylammonium fluoride 
Tf  triflyl (also trifluoromethanesulfonyl) 
tfa  trifluoroacetyl 
TFA  trifluoroacetic acid 
TFFH  tetramethylfluoroformamidinium hexafluorophosphate 
THF  tetrahydrofuran 
TIS  triisopropylsilane 
TLC  thin-layer chromatography 
TMS  trimethylsilyl 
TMSE  2-(trimethylsilyl)ethyl 
TOF  time-of-flight 
Tos  tosyl (also p-toluenesulfonyl) 
Troc  2,2,2-trichloroethoxycarbonyl 
Trp  tryptophan 
Trt  trityl 
UIUC  University of Illinois Urbana-Champaign 
UV  ultraviolet 
VTC  vicinal tricarbonyl 
Z  → Cbz 
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1 Introduction 
1.1 Amide bond formation and peptide coupling reagents 
Amide bond formation is undeniably one of the most important reactions in nature, 
enabling the synthesis of peptides and proteins. From a chemical point of view, this 
transformation is not limited only to biological systems but is also present in a broad 
array of molecules in (bio)chemical research, including many pharmaceuticals. Amide 
bonds are usually formed between carboxylic acids and amines, especially when amino 
acids are building blocks. The reaction of these two functional groups usually results in 
deprotonation at ambient temperature, and the elimination of water is not spontaneous. 
Therefore, amide bond formation requires high temperatures (even above 200 °C), 
which might not be tolerated by substrates. Prior chemical activation converts the 
hydroxyl group of a carboxylic acid moiety into a good leaving group. The resulting 
activated intermediate allows the formation of an amide bond to proceed at a much 
lower (e.g. ambient) temperature when treated with an amine. Activation can be 
achieved with a variety of peptide coupling reagents that have diverse chemical 
structures [1,2,3,4]. 
1.1.1 Carbodiimide reagents 
Carbodiimide reagents (Figure 1) have been reported as the first group of coupling 
reagents synthesized and used for coupling. Since 1955, when the usage of DCC was 
reported for the first time, carbodiimide reagents have been widely used, showing a 
moderate activity and a reasonable price [1,2]. The mechanism of coupling (Scheme 1) 
involves the formation of O-acylisourea from the carboxylic acid in the first step. 
Further reactivity of the intermediate is one of the drawbacks of these reagents. Besides 
the desired amide, undesired carboxylic acid anhydride (leads to consumption of two 
equivalents of the acid) or N-acylurea can be formed [1,2,3,4]. 
 
Figure 1: Carbodiimide coupling reagents 
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When the DCC is used, the final side product (DCU) is very insoluble in common 
solvents used for the synthesis (DMF, CH2Cl2). That can be a disadvantage (solid-phase 
synthesis) or an advantage (synthesis in a solvent - side product can be filtered off). To 
overcome the solubility problems of the side product, EDC was introduced. Some other 
carbodiimides in this class (e.g. BMC, PEC, DIC) vary in the alkyl or aryl groups (e.g. 
methyl, ethyl, iso-propyl, tert-butyl, phenyl) attached to the carbodiimide moiety [1,3]. 
 
Scheme 1: Mechanism of activation of the carboxylic group with carbodiimide coupling reagents 
1.1.2 Imidazolium reagents 
The most representative imidazolium reagent used in peptide coupling reactions is CDI, 
among other known (e.g. CIP, CIB and CMBI) (Figure 2) [1]. CDI is commonly used 
on a large-scale peptide synthesis because of its good reactivity and affordable price [5]. 
Activation of carboxylic acids with CDI (Scheme 2) starts with the formation of the 
acyl carboxyimidazole which is further attacked by the released imidazole to yield the 
acylimidazole. This reactive species is treated with an amine to yield the amide. 
Additional base is usually not required because imidazole is formed in situ. That allows 
even HCl salts of amines to be used [1,5]. 
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Figure 2: Imidazolium coupling reagents 
 
Scheme 2: Mechanism of activation of the carboxylic group with imidazolium coupling reagents 
1.1.3 Uronium/aminium reagents 
Reagents in this class are uronium/aminium salts, often based on the HOBt or HOAt 
system. Their structures were initially reported as the O-isomers (uronium isomers); 
however, using X-ray crystallography, some of the structures were found to be in fact 
the N-isomers (aminium isomers). Even though opinions on the correct forms can be 
different, there is structural evidence for both. The counter anion is typically 
non-nucleophilic tetrafluoroborate or hexafluorophosphate. When compared, studies 
have shown no significant influence on the coupling rate or racemization for either of 
them [1,2]. Some of the uronium/aminium coupling reagents are HATU, HBTU, 
TATU, TBTU (Figure 3) [3].  
The mechanism of activation (Scheme 3) proceeds via the formation of an active ester 
that yields the amide upon the reaction with amine. Undesired guanidine side products 
are formed in a direct reaction of amines with uronium/aminium reagents (Scheme 4). 
The undesired reactivity can be prevented with longer activation times and equimolar 
acid to the coupling reagent ratio [2,3].  
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Figure 3: Uronium/amminium coupling reagents 
 
Scheme 3: Mechanism of activation of the carboxylic group with uronium/amminium coupling 
reagents 
 
Scheme 4: Formation of a guanidine side product between uronium coupling reagent and amines 
1.1.4 Immonium reagents 
Immonium reagents were designed with a modification of uronium reagents. One amino 
group at the central carbon atom in uronium reagents is replaced with a hydrogen, an 
alkyl or an aryl group in immonium reagents. BOMI, BPMP, BDMP and AOMP are 
presented in Figure 4 [1]. 
Andraž Oštrek: Modular synthesis of pyritides 
    5 
 
Figure 4: Immonium coupling reagents 
1.1.5 Phosphonium reagents 
Phosphonium reagents are based on phosphonium salts (Figure 5). The first reagents, 
CloP and BroP, were causing noticeable racemization. When they were combined with 
a racemization suppressant HOBt, improved reagent BOP was introduced. Problem with 
carcinogenic HMPA being generated as a side product in coupling reactions was solved 
with pyrrolidino derivatives, such as PyBOP, PyCloP and PyBroP. Later designed  
aza-derivatives, AOP and PyAOP, were shown to be more reactive than their non-aza 
analogues. Phosphonium reagents have a great advantage of not reacting with an amino 
functional group and, therefore, not terminating the peptide chain. This feature is 
important when reactants are used in 1:1 molar ratio and when an excess of the coupling 
reagent is used, especially in fragment coupling and cyclization [1,2,3].  
 
Figure 5: Phosphonium coupling reagents 
The activation mechanism (Scheme 5) starts with the reaction of carboxylate (at least 
one equivalent of base for deprotonation is needed) and phosphonium salt. Even though 
acyloxyphosphonium salt was proposed to be the active species, proposals of a further 
mechanism caused some controversy. Due to a high reactivity of the latter species, an 
immediate reaction with another molecule of carboxylate was suggested to form a 
symmetric anhydride. Studies are contradictory on how stable this intermediate might 
be and how fast is conversion to the active ester, which is accepted to be the active 
species [1,2,3]. 
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Scheme 5: Mechanism of activation of carboxylic group with phosphonium coupling reagents 
1.1.6 Organophosphorous reagents 
Organophosphorous reagents (Figure 6) are based on derivatives of phosphoric 
(H3PO4), phosphonic (H3PO3) and phosphinic (H3PO2) acid and were introduced to the 
peptide coupling chemistry with the mixed carboxylic-phosphoric anhydride method. 
This method usually exhibits higher regioselectivity for the attack of amine compared to 
the mixed carboxylic acid anhydride method. While in the latter method, reactivity is 
governed by electronic and steric factors, in the former method, reactivity is dependent 
on the nature of the incoming nucleophile. This class consists of many reagents, among 
them are DECP, DEPB, DEPC, DPPA, DPP-Cl and Cpt-Cl. PPAA or T3P, the only 
phosphonic acid derivative, is commercially available and BOP-Cl is the most widely 
used reagent of this class [1,3]. 
 
Figure 6: Organophosphorous coupling reagents 
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1.1.7 Acid halogenating reagents 
Acid chlorides are very reactive species and, therefore, useful in peptide coupling 
reactions. Despite their low cost and high reactivity practical application of this method 
is limited. It is recommended when extremely hindered amino acids are coupled. 
However, oxazolone formation, when the acid-labile protecting group is present, can 
cause racemization of the corresponding amino acid. Some of the chlorinating reagents 
used are pivaloyl chloride, phthaloyl chloride, thionyl chloride and oxalyl chloride, 
cyanuric chloride and triphosgene (BTC) (Figure 7, left) [1]. 
  
Figure 7: Acid halogenating coupling reagents 
Acid fluorinating reagents, such as cyanuric fluoride and TFFH (Figure 7), were 
developed after it was discovered that the amino acid fluorides are more stable in the 
presence of moisture and acid-labile functional groups than their chloride analogues [1].  
1.1.8 Other coupling reagents 
Chloroformates react via mixed carbonic anhydride intermediates (Scheme 6, right). 
The side reaction of this intermediate with an amine is undesired carbamate formation. 
Among chloroformate reagents, IBCF is the most used in peptide coupling reactions 
because side reactions are decreased with the bulky isobutyl group [1]. 
EEDQ reacts in a similar manner, via mixed carbonic anhydride intermediate (Scheme 
6, below). Additionally, anhydride is formed slowly and consumed rapidly; therefore, 
side reactions, such as epimerization, are minimized [1]. 
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Scheme 6: IBCF and EEDQ coupling reagents and the mechanism of amidation in their presence 
1.1.9 Racemization during peptide coupling 
Racemization or epimerization can happen during the activation of the carboxylic acid 
moiety. Two major base-catalyzed pathways leading to the loss of a stereochemical 
purity have been recognized. The first is a direct enolization (Scheme 7, path B), and the 
second is a formation of oxazolone (Scheme 7, path A). Racemization can be minimized 
in several ways. Using carbamates as N-protecting groups will decrease the risk of 
oxazolone formation, and using N-protecting groups with electron-withdrawing 
moieties will increase the chance of enolization. Basicity of tertiary amines used during 
the coupling reactions is also important with regards to proton abstraction leading to 
enolization. However, some additives or even coupling reagents based on these 
additives can prevent racemization to some extent [3]. 
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Scheme 7: Mechanism of racemization during peptide coupling 
1.1.10 Racemization suppressants in peptide coupling 
Especially with carbodiimides, sometimes observed degree of undesired epimerization 
(in some cases racemization) in peptide coupling reactions was very high. Additive 
HOBt was introduced as a first racemization suppressant and had additional 
reactivity-enhancing property because the formation of N-acyl urea was suppressed. The 
efficiency of its analogue HOAt was even higher because the pyridine ring is causing 
neighbouring group effect (anchimeric assistance effect) (Figure 8, right). Some 
coupling reagents are, therefore, based on HOBt, HOAt, or their derivatives [1]. Oxyma 
was later reported to be a good alternative for HOBt (Figure 8, left) [3]. 
 
Figure 8: Racemization suppresants (left), neighbouring group effect (right) 
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1.2 Protecting groups in amino acid coupling chemistry 
Synthesis in organic chemistry is based on a sequence of chemical transformations 
leading to the targeted molecules. Existing functional groups in the molecule can 
interfere with the synthetic plan and participate in undesired side reactions under the 
reaction conditions. Synthetic strategy can predict a pathway using protecting groups to 
block the reactivity of selected functional groups as one possible approach. Amino acids 
bear amino and carboxylic acid functional groups, and both participate in a coupling of 
two fragments (amino acids or peptides). Therefore, appropriate protecting groups, 
including for the protection of side chains, are required to achieve the coupling at the 
desired site, especially in the synthesis of polyfunctional molecules. The choice of 
protecting groups is guided by the synthetic procedure, either solid-phase peptide 
synthesis (SPPS) or synthesis in solution [6,7].  
Generally, protecting groups are associated with the following main characteristics 
[6,7]: 
1. facile introduction into the functional group (selectivity, mild conditions, high yield), 
2. stability to a broad range of reaction conditions (synthesis and isolation), 
3. safe removal when needed (functional group manipulation, end of synthesis). 
Orthogonality (or orthogonal stability) of protecting groups is important when two or 
more of them are present, allowing their selective deprotection via distinct cleavage 
mechanisms. A related concept of modulated lability is based on a different extent the 
protecting groups are sensitive to deprotection at the same set of conditions. Selectivity 
can be achieved with the strength of reaction conditions; however, all protecting groups 
will be cleaved if reaction conditions exceed their stability threshold [6,7]. Sensitivity 
towards acids, bases, reductions, oxidations, enzymes, photolysis and 
heavy-metal-containing compounds is used for deprotection strategies [7]. 
1.2.1 α-Amino group protection 
In Table 1, selected α-amino-protecting groups are presented together with their 
removal conditions and their stability when the other protecting groups are removed. 
1.2.2 α-Carboxylic acid group protection 
In Table 2, selected α-carboxylic acid-protecting groups are presented together with 
their removal conditions and their stability when the other protecting groups are 
removed. 
Some protecting groups (e.g. TMSE, Tce, and their derivatives), are not relying on 
widely used hydrolysis or hydrogenolysis for their deprotection, and are, therefore, an 
interesting and orthogonal choice for protection. TMSE is labile to a fluoride ion, while 
Tce will get reduced with a zinc powder (Scheme 8) [7].  
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Table 1: Groups protecting α-amino moiety [6] 
structure and name conditions for removal 
protecting group is stable 
when the following groups 
are removed 
 
NH3, DEA, morpholine or 
piperidine 
Boc, Za, Trt, Alloc 
 
hydrazine Boc, Fmoc, Trt 
 
1) H2, cat. 
2) strong acids like:  
HBr, TFA 
3) BBr3 
Boc, Fmoc, Trt, Alloc 
 
Pd(PPh3)4 cat.  
scavengers: NH3･BH3, Me2NH2･
BH3, PhSiH3 
Boc, Fmoc, Trt 
 
Zn in AcOH Boc, Fmoc, Trt 
 
1) TFA or HCl or MeSO3H 
2) TMSCl, PhOH  
Fmoc, Za, Trt, Alloc 
 
1) TFA or TCA 
2) HOBt 
Fmoc, Alloc 
a Except when removed by catalytic hydrogenation. 
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Table 2: Groups protecting α-carboxylic acid [6] 
structure and name conditions for removal 
protecting group is stable 
when the following groups 
are removed 
 
TFA or HCl Fmoc, Za, Trt, Alloc 
 
TFA Fmoc, Alloc 
 
DEA or piperidine 
 
Boc, Trt, Alloc 
 
LiOH, NaOH or KOH Boc, Z 
 
NaOH or Na2CO3 Boc, Fmoc
b, Za 
 
Pd(PPh3)4 cat.  
scavengers: e.g. PhSiH3 
Boc, Fmoc, Trt 
 
1) TfOH, HF 
2) H2, cat. 
3) NaOH 
Boc, Fmoc, Trt, Alloc 
 
TBAF or TEAF Za 
 
Zn in AcOH Boc, Fmoc, Trt 
a Only when removed by catalytic hydrogenation. 
b Diethylamine removal. 
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Scheme 8: Deprotection of 2,2,2-trichloroethyl and 2-(trimethylsilyl)ethyl groups 
1.2.3 Protection and reactivity of an arginine side chain 
Amino acid arginine can be described as a challenging substrate in peptide chemistry 
owing to the guanidino-group-bearing side chain. Suitable protecting groups are 
required to avoid deguanidination and δ-lactam formation (Scheme 9). Nucleophilicity 
of the guanidino group, which is also basic (pKa = 12.5), could be reduced with 
protonation. Unfortunately, if deprotonation happens, the neutral guanidino group can 
undergo acylation and subsequent deguanidination. Even though the nucleophilic 
character would be fully masked with the protection of all three nitrogen atoms, it is 
easier to achieve monoprotection or diprotection. Bulky and electron-withdrawing 
protecting groups are better in this case. Despite the progress, protection of arginine 
side-chain was labeled to remain an unsolved problem, even a decade ago, because 
protecting groups were difficult to remove [6]. 
 
Scheme 9: Deguanidination and δ-lactam formation of arginine during peptide coupling 
In Table 3, selected groups protecting arginine side chain are presented together with 
their removal conditions and their stability when the other protecting groups are 
removed. 
  
Andraž Oštrek: Modular synthesis of pyritides 
    14 
Table 3: Groups for protection of a side chain of arginine [6] 
structure and name conditions for removal 
protecting group is stable 




2) TfOH, TFA 
3) Na/NH3 
Boc, Fmoc, Trt, Alloc 
 
TFA 
scavengers: H2O, TIS 
Fmoc, Trt, Alloc 
  
TfOH, TFA Boc, Fmoc, Trt, Alloc 
 
TFA and scavengers Fmoc, Alloc 
 
H2, cat. Boc, Fmoc, Alloc 
 
K2CO3 Boc, Fmoc, Z
c, Trt, Alloc 
 
H2, cat. Boc, Fmoc, Trt 
 
Pd(PPh3)4 and barbituric acid Boc, Fmoc, Z
c, Trt 
a Only when removed by catalytic hydrogenation. 
b Diethylamine removal. 
c Except when removed by catalytic hydrogenation 
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1.3 Phosphorous ylides 
Phosphorous ylides can be presented with two canonical structures, and therefore their 
names can be constructed in two different ways (Figure 9). The first structure, ylene, is 
described with a double bond between phosphorous and carbon atom. As 
pentasubstituted phosphorane derivatives, these compounds can be consequently named 
as alkylidenephosphoranes. The convenience of this nomenclature is the reason for it 
being widely used. Despite this fact, detailed studies of electronic structure, supported 
by experimental physical methods and theoretical calculations, have shown that the 
other canonical structure, ylide, contributes the most to the ground state of phosphorus 
ylides. Bipolar ylidic structure, where phosphorous bears positive charge and carbon 
negative, can be accordingly named as phosphonium alkylide. A positive phosphorous 
atom (suffix -onium) is directly linked to a carbon species (suffix -yl; from the radical 
alkyl) bearing a negative charge (suffix -id). The full name consists of substituents on 
the phosphorous atom following with the carbanionic part, according to the IUPAC 
nomenclature, and the suffix '-ylide' [8]. 
 
Figure 9: Canonical structures and nomenclature of phosphorous ylides 
 
At first, the most of phosphorous ylides were bearing only carbon-based substituents 
connected to both phosphorous and carbon atoms of the C=P group (C,P-carbon 
substituted phosphorous ylides). Other categories, such as C- or P-heterosubstituted 
phosphorous ylides and cumulene ylides, have been later extensively developed. 
Reactivity of phosphorous ylides is mainly influenced by substituents on the α-carbon, 
which can stabilize a negative charge of the carbanion. Accordingly, the most 
representative C,P-carbon substituted phosphorous ylides can be further classified in 
three groups (Table 4). α-Carbon of the non-stabilized ylides bears one or two alkyl 
substituents and their electron-donating properties make them highly basic and 
nucleophilic. Semi-stabilized ylides are moderately reactive (moderate basicity and 
nucleophilicity) because their negative charge is partially delocalized over aromatic or 
allylic groups attached to ylidic carbon. Stabilized ylides usually have attached highly 
electron-withdrawing groups that cause the lowest basicity and nucleophilicity [8]. 
Phosphorous ylides are well known to be used in the Wittig reaction, a tool for 
olefination of carbonyl compounds (aldehydes and ketones). Stereoselectivity 
(E/Z geometric isomerism) is influenced by several factors (type of ylide and carbonyl 
compound, solvent); however, the reaction is often used to access Z-olefins (Scheme 10) 
[9]. 
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Scheme 10: Mechanism of Wittig olefination  
1.3.1 Preparation of C,P-carbon substituted phosphorous ylides 
Several methods for the preparation of C,P-carbon substituted phosphorous ylides have 
been developed as a consequence of their synthetic importance in organic chemistry. 
Deprotonation of the α-position from a preformed phosphonium salt is the most general 
method for their synthesis. A good strategy to prepare more complex phosphonium 
ylides (e.g. C-disubstituted) is to react simpler ones (e.g. C-monosubstituted) with 
electrophiles [8]. 
  
Scheme 11: Synthesis of phosphorous ylides via quaternization of phosphines and deprotonation 
The first step of the dehydrohalogenation route is the preparation of phosphonium salts, 
usually obtained by quaternization of tertiary phosphines with an electrophile, such as 
alkyl halide (Scheme 11). Further deprotonation of the salts can be achieved either in 
situ or prior to their use with included isolation. The less stabilized the formed ylide is, 
the stronger it has to be the base for deprotonation. The basicity of relatively weaker 
bases like Et3N, K2CO3, NaOH, or similar will suffice for stabilized ylides, while the 
others usually require stronger bases, such as NaOEt, NaH, BuLi, i-Pr2NLi, 
LiN(SiMe3)2. Solvent used for quaternization and deprotonation should be inert towards 
the phosphonium salt and the formed ylide. Non-stabilized ylides are prone to oxidation 
and hydrolysis; therefore, solvents like water, alcohols, acetone, and DMF might not be 
an appropriate choice [8].  
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1.4 Vicinal tricarbonyl compounds 
Discoveries in the field of vicinal polycarbonyl compounds started with a reported 
synthesis of diphenyltriketone in 1890. In the following 100 years, despite the attempts, 
no polyketone containing more than five free vicinal carbonyl groups has been prepared 
[10]. Although oxidative products of croconic and rhodizonic acids can be written in 
attractive polyketone forms (Scheme 12), their carbonyl groups are partially hydrated in 
solid-state and fully hydrated in solution [11]. 
 
Scheme 12: Croconic and rhodizonic acid and their oxidized products shown as polyketones 
Vicinal polycarbonyls are not limited only to vicinal polyketones but also include 
α,β-diketoesters, α,β-diketoamides and other analogues. Compounds with carbonyl 
groups contiguous to one another have interesting chemical properties. They possess a 
highly nucleophilic and highly reactive central carbonyl group [10,11]. For example, 
diphenyltriketone eliminates carbon monoxide in the presence of acidic catalysts (such 
as AlCl3) and readily forms a monohydrate in the presence of water (Scheme 13) [12]. 
Probably the best-known triketone derivative ninhydrin is used for the detection of 
amino acids. The blue-violet colour of the positive ninhydrin colour test appears upon 
the reaction between ninyhdrin monohydrate and α-amino acid (Scheme 14) [12]. 
 
 
Scheme 13: Reactivity of diphenyltriketone 
 
Scheme 14: Ninhydrin colour test with α-amino acids 
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Numerous synthetic strategies towards vicinal tricarbonyl (VTC) compounds exist. 
Among them, the most prevalent are oxidations of β-diketones that are usually 
α-functionalized (Scheme 15). Reported oxidations include using ozone (O3), singlet 
oxygen (1O2), dimethyldioxirane (DMDO), SeO2, Dess-Martin periodinane and 
tert-BuOCl as possible oxidants [10,11]. 
 
Scheme 15: Synthesis of vicinal tricarbonyls from β-diketones 
Wasserman and coworkers are very active in the research of VTCs [13]. Despite these 
compounds often being overlooked, they have been identified as excellent substrates for 
the synthesis of several cyclic frameworks, such as isoquinolines, indoles, pyrroles, 
furanes, and many other [13]. Nevertheless, they have made progress in the synthesis of 
peptidic VTCs, mostly α,β-diketoesters, α,β-diketoamides. Peptidic carboxylic group 
can be coupled with phosphoranes to form a stabilized ylide. Further oxidative cleavage 
of carbon-phosphorous bond can reveal the tricarbonyl motif (Scheme 16) [13]. This 
strategy was used in the synthesis of two natural products, protease inhibitors 
YM-47141 and YM-47142 (Figure 10) [14,15]. 
 
 
Scheme 16: Sythesis of vicinal tricarbonyls from carboxylic acid and phosphonium salt 
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1.5 Selected pyridine-synthesis strategies and pyridine transformations 
Retrosynthetic approaches offer diverse routes towards the pyridine ring syntheses 
(Scheme 17). Cyclocondensation can be achieved on 5-aminopentandienal and 
5-aminopentandienon systems or their monoene-analogues (paths a and b). All of them 
can be traced back to corresponding dicarbonyl species and/or further retro-Michael 
addition can be envisioned. Scission of the ring in several ways suggests direct 
trimerization of alkynes with nitriles (path f) or (formal) [4+2]-cycloadditions to obtain 
tetrahydro- or dihydropyridines that can be later oxidatively aromatized (paths c,d,e). 
All these strategies are to a high degree used in actual pyridine synthesis [16]. 
 
Scheme 17: Retrosynthetic analysis of pyridine scaffold [16] 
General reactivity of pyridines includes electrophilic reactions at nitrogen, electrophilic 
and nucleophilic substitution reactions, metalation, additions of nucleophiles to 
pyridinium ions, reactions of pyridine-N-oxides, oxidations, reductions, thermal and 
photochemical reactions [16]. 
1.5.1 Synthesis of pyridines using vicinal carbonyl substrates 
Pyridines can be in an interesting way prepared from 1,2,4-triazines, that can be traced 
back to amidrazones and vicinal diketones or α-ketoaldehydes (Scheme 18). In the first 
step, hydrazone is preferentially formed with the most electrophilic carbonyl group. 
Later condensation yields 1,2,4-triazines that can undergo a [4+2] cycloaddition, 
eliminate N2 with retro-aza-Diels–Alder reaction and rearomatize [16]. Sauer has 
reported several syntheses of polysubstituted pyridines using this approach [17,18,19] 
and tricarbonyls have been used in the same manner by Watson [20]. 
N
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Scheme 18: Synthesis of pyridines from vicinal diketone and amidrazone 
1.5.2 Minisci reaction 
In 1968, F. Minisci reported selective substitutions on electron-deficient substrates 
(pyridine, quinoline, etc.) using nucleophilic carbon radicals generated from 
hydroperoxides and oxaziranes via radical rearrangements using FeSO4 [21]. Later, the 
addition of nucleophilic carbon-centered radicals to heteroaromatic bases with 
subsequent formal loss of hydrogen atom has been termed Minisci-type reaction 
(Scheme 19). Even though this transformation resembles the Friedel-Crafts aromatic 
substitution, reactivity and selectivity are opposite, leading to the products that are not 
accessible via the latter procedure. Selective reactivity of α- and γ-positions of pyridine 
(and some other nitrogen-based heterocycles) has been observed in reactions with 
nucleophilic radicals formed from various substrates, meaning this procedure is highly 
synthetically useful. Both higher number of heteroatoms in the aromatic system and a 
higher number of rings in polycyclic systems usually increase reactivity and selectivity. 
Selectivity is based on polar effects and is related to the nucleophilicity of 
carbon-centered radicals, originating from a broad range of compounds [9,22].  
 
 
Scheme 19: Mechanism of Minisci reaction 
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1.6 Selected biochemical topics related to pyritides 
1.6.1 Genome mining 
The genomics revolution, enabled by advances in DNA sequencing technology, has led 
to rapid research in the field of natural product biosynthetic systems. Combined genetic 
and biochemical investigations have revealed a high degree of mechanistic logic, mainly 
in modular polyketide synthase and nonribosomal peptide synthetase systems. In 
prokaryotes, genes required for synthesis of a particular natural product regularly lie 
adjacent to each other and form clusters. Genome mining, using bioinformatics tools, 
can identify them and determine their role. A huge amount of the DNA sequence data 
offers numerous opportunities for new natural product discoveries [23].  
1.6.2 Ribosomally synthesized and post-translationally modified peptides 
Ribosomally synthesized and post-translationally modified peptides (RiPPs) are a 
rapidly expanding group of natural products where a direct link between encoding gene 
and the natural product structure was observed. This feature gives them a lot of 
bioengineering potential. RiPP precursor peptides usually consist of a leader peptide 
(LP), which is removed in later stages, and a core peptide, which is post-translationally 
modified and converted into the RiPP [24].  
1.6.3 Thiopeptides 
Thiopeptides or thiazolyl peptides are a group of natural products classified as RiPPs. 
Their linear precursor peptide is heavily post-translationally modified to form a 
macrocyclic structure containing thiazole heterocycles and six-membered nitrogenous 
ring (piperidine, dehydropiperidine or pyridine). They usually exhibit a potent 
antibacterial activity [25,26,27]. The structure of a thiomuracin GZ [28] is shown in 
Figure 11. 
 
Figure 11: Thiomuracin GZ 
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1.6.4 Pyritides 
Mitchell's group reported a new and biosynthetically divergent class of ribosomally 
synthesized and post-translationally modified peptides (RiPPs) based on the united 
knowledge of bioinformatics and enzymology. Having their predicted chemical 
structure similar to thiopeptides (containing a pyridine ring but lacking thiazole 
heterocycles), they termed this new class of natural products pyritides. Their 
biosynthetic gene clusters (BGC) in Micromonospora rosaria were found to encode a 
subset of enzymes involved in thiopeptide biosynthesis. A [4+2]-cycloaddition enzyme 
is present, while an azoline-forming cyclodehydratase is absent [29]. 
 
Scheme 20: A) Maturation during pyritide A1 synthesis. B) Pyritide A2. 
During their maturation (example for pyritide A1 - Scheme 20A), pyritides undergo a 
formal, enzymatic [4+2] cycloaddition to form a tri-substituted pyridine-based 
macrocycles. Until now, one structure (pyritide A1) provided by 11-step chemical 
synthesis was verified to be chemically identical with the product resulting from the 
chemoenzymatic synthesis [29]. The proposed structure of the pyritide A2 (Scheme 
20B) has been predicted based on the characterization of chemoenzymatically 
synthesized products [29]. 
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2 Purpose of the thesis 
Verification of the chemical structure of the biosynthetically produced pyritide A2 (1) 
dictated a chemical collaboration for its orthogonal preparation via total chemical 
synthesis. Pyritide A2 (1) is a 17-membered cyclic peptide containing a residue 
originating from arginine and a fused pyridine ring. Giving a complex structure of the 
targeted natural product, the main objective of this Master thesis is to successfully 
synthesize the respective trisubstituted pyridine core (2) that could be used in further 
steps of the chemical synthesis. 
Synthesis of pyridines can be accomplished using two general approaches. The first 
approach includes adding/installing substituents to a (substituted) pyridine. In our case, 
this synthetic strategy includes the Minisci reaction for attaching a substituent 
originating from arginine on a respective pyridine dicarboxylate. The second approach 
is the de novo synthesis, where the pyridine core is built during chemical 
transformations. 
Our research work will be focused on the de novo synthesis of a 2,3,6-trisubstituted 
pyridine 2. A unique feature is a residue originating from arginine at the position 2. 
Additionally, two carboxylic groups at the positions 3 and 6 have to be esterified with 
orthogonal protecting groups enabling selective deprotection for further peptide 
coupling reactions. N-protected amino acids are selected as starting material for a 
multistep synthesis. Because arginine (3) is expected to be a challenging substrate, a 
model system using phenylalanine (4) will be investigated first, and obtained results 
will be subsequently translated to the real system. Transformations will start with a 
coupling reaction between carboxylic part of an amino acid (3 and 4) and 
phosphoranes 5, yielded phosphonium ylides 6 will be further oxidized to obtain 
tricarbonyl compounds 7. Their further reaction with amidrazone 8 will form triazines 9 
that can undergo an aza-Diels–Alder reaction with 2,5-norbornadiene (10) followed by 
rearomatization to deliver the desired pyridines 11. Despite the straight-forward 
synthetic proposal, optimization of the route at each step is expected to be needed.  
As an alternative to the de novo approach, synthesis with Minisci-type reaction on a 
model system will be tried, using phenylalanine 4 and pyridine dicarboxylate 12.  
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3 Results and discussion 
3.1 Retrosynthetic analysis and synthetic strategy 
The pyritide A2 (1), chemoenzymatically sinthesized by D. A. Mitchell and coworkers 
[29], was the target for an independent chemical synthesis. The Sarlah group 
approached to the synthesis with tracing the desired product back to the trisubstituted 
pyridine core 2 and two peptides via peptide coupling (Figure 12). 
 
Figure 12: Fragmentation of pyritide A2 
Therefore, the master thesis is focused on the preparation of the trisubstituted pyridine 
core 2 that can be subjected to peptide coupling reactions in the last stages of the 
pyritide A2 (1) synthesis. 
Further retrosynthetic analysis offers two strategies, substitution of a pre-existing 
pyridine or its de novo synthesis. Substitution on the position 2 (or 6) of a pyridine ring 
can proceed via Minisci-type reaction, starting from a poly N-protected arginine (3) and 
pyridinedicarboxylate 12 (Scheme 21A). On the other hand, in the de novo approach 
(Scheme 21B), pyridine can be traced back to 1,2,4-triazine 9' via aromatization, 
retro-aza-Diels–Alder and aza-Diels–Alder reaction. Nitrogen-reach heterocycle can be 
formed by condensation of amidrazone 8 and vicinal tricarbonyl compound 7'. The 
latter could be prepared by oxidation of a phosphonium ylide 6', obtained in a coupling 
reaction between a poly N-protected arginine 3 and phosphonium ylide 5. 
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Scheme 21: Retrosynthesis of pyridine 2 including: A) Minisci reaction, B) de novo synthesis 
Preliminary experiments were intended to be tested on a model system. L-Phenylalanine 
was selected as a simpler substrate in comparison to L-arginine, which had to be poly 
N-protected for further transformations, and therefore considerably more expensive. On 
the other hand, used protecting groups should be orthogonal to each other and should 
enable deprotection in a selected manner. The final product 2 has three sites that need to 
be protected: guanidino and α-amino groups originating from arginine and two 
carboxylic acid moieties. If one of the carboxylic acids is protected as an ethyl ester and 
the arginine-originating nitrogen atoms are Boc and Cbz protected, then the other 
carboxylic acid can be orthogonally esterified as 2-(trimethylsilyl)ethyl or 
2,2,2-trichloroethyl ester. For preliminary results and optimization purposes, both 
carboxylic acid moieties were ethyl protected. 
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Scheme 22: De novo synthetic path to 2,3,6-trisubstituted pyridine 
The de novo synthetic route (Scheme 22) starts with 2-bromoacetates 15 bearing various 
protecting groups. These esters can be prepared from 2-bromoacetyl bromide (13) and 
corresponding alcohol 14. Further reaction with triphenylphosphine yields phosphonium 
salts 16 that can be deprotonated with a base. Obtained phosphonium ylides 5 can be 
coupled with a carboxylic group of α-amino acids. Formed stabilized yilides 6 bear a 
masked vicinal tricarbonyl motif 7 that is revealed upon oxidative cleavage of a 
carbon-phosphorous bond. Highly reactive carbonyl moiety condenses with 
amidrazone 8a to obtain triazines 9''. Following aza-Diels–Alder and  
retro-aza-Diels–Alder reaction with rearomatization deliver the final trisubstituted 
pyridine product 11'. 
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3.2 De novo synthesis of a pyridine 
3.2.1 Synthesis of phosphonium ylides bearing a protected carboxylic acid moiety 
Protecting group on carboxylate at the position 3 of the final pyridine product 11' has to 
be installed at the very beginning of the de novo synthesis. As mentioned before, three 
protecting groups were selected to be used. Ethyl group for optimization purposes and 
two other groups, 2,2,2-trichloroethyl and 2-(trimethylsilyl)ethyl, for orthogonal 
protection that can be combined with Boc, Cbz and ethyl protection. Phosphonium 
ylides were used as precursors and were synthesized in three steps (Scheme 23). 
 
Scheme 23: Synthesis of phosphonium ylides in three steps 
The first step was esterification to install different protecting groups to the carboxylic 
acid moiety. 2-Bromoacetyl bromide (13) reacted with an alcohol 14 in the presence of 
Et3N in anhydrous CH2Cl2 under the nitrogen atmosphere. Yields for 
2-(trimethylsilyl)ethyl 2-bromoacetate (15b) and 2,2,2-trichloroethyl 2-bromoacetate 
(15c) were moderate (60% and 40%, respectively) and considerably lower than reported 
in literature. Some product loss might be due to reaction being quenched with water. 
Further purification of the moderately volatile compounds seemed to contribute the 
major part. We used a column chromatography purification; however, on a larger scale 
it might be better to use a vacuum distillation. Later observations suggested that 
high-purity products behave better when used in further transformations. Ethyl 
2-bromoacetate (15a) is a commercially available chemical and was, therefore, not 
synthesized. 
The second step was the preparation of phosphonium salts 16a–c from a 
triphenylphosphine and corresponding alkyl bromides 15a–c. The reaction was 
monitored by TLC and needed 1–2 days in toluene at 35–45 °C. After completion, 
diethyl ether (used with ethyl analogue) or hexanes (used with the other two analogues) 
were added at room temperature and left for the phosphonium salt to form a suspension. 
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The precipitate was filtered and washed on a filter. Only hexanes were used with the 
latter two analogues because they were observed to dissolve in diethyl ether at a higher 
degree. To remove toluene together with triphenylphosphine and other impurities, the 
product was washed with hexanes and, accordingly, with diethyl ether. Toluene seemed 
to remain in a product despite thorough washing and drying of the product on a vacuum 
line, so we had to balance the purity and the yield. However, the isolated yields were 
satisfyingly high (78–83%). 
The third step was a dehydrohalogenation of phosphonium salts 16 via their 
deprotonation. That could be achieved with NaOH (aq., 1 M) or NaHCO3 (aq., 10%) but 
there was no significant difference in practical use between them. Salts 16 dissolved in 
CH2Cl2 were vigorously stirred with an aqueous solution of a base for 15 min at 0 °C. 
The isolation included extraction and removal of the solvent - yields were excellent 
(> 97%). Ethyl analogue 5a slowly formed a solid product, while the other two did not 
crystallize and, thus, formed a viscous oil. Because handling with solid substrates is 
easier, we noticed that in situ deprotonation using DIPEA is as effective. 
3.2.2 Coupling of α-amino acids with phosphonium ylides 
Coupling of phosphonium ylides to a carboxylic group of α-amino acids or peptides was 
described in the literature using mostly EDC or CDI as coupling reagents [14,30]. 
Preliminary results towards the coupling (real system) on a small scale conducted by A. 
Milián López [31] have been promising; however, when the same set of conditions was 
used in the repeated experiment, the yield was significantly lower (Table 6, entry 1). An 
array of coupling reagents was therefore tested on the model system (phenylalanine 




The model system of a coupling reaction was based on the N-Boc protected 
L-phenylalanine (4a) and a phosphonium ylide 5a bearing an ethyl protected carboxylic 
group. 
EDC was selected as the first choice for the coupling reaction. Coupling on a small 
scale was conducted with prior activation of one equivalent of an amino acid with two 
equivalents of EDC in the presence of 0.5 equivalents of DMAP. The activation ran for 
0.5 h at room temperature in CH2Cl2 at the 0.27 M concentration of an amino acid. 
After the addition of phosphonium ylide, the reaction ran for 1 d. The yield was high 
(80%) and was increased (86%) on a double scale with a doubled concentration (Table 
5, entries 1,2, respectively).   
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1 EDC (2.0) DMAP (0.5) 50 DCM (0.27) 2.0 0 °C , 25 min r.t., 24 h 80 
2 EDC (2.0) DMAP (0.5) 100 DCM (0.54) 2.0 0 °C, 30 min r.t., 24 h 86 
         
3 CDI (1.2) - 50 DCM (0.27) 2.0 0 °C, 20 min r.t., 24 h 10 
4 CDI (1.2) Et3N (4.0) 40 DCM (0.22) 2.0 0 °C, 15 min r.t., 24 h 11 
5 CDI (1.8) - 40 DCM (0.25) 2.0 r.t., 20 min r.t., 24 h 17 
6 CDI (3.0) DIPEA (4.0) 40 DCM (0.25) 2.0 r.t., 20 min r.t., 27 h 13 
7 CDI (1.0) - 40 DCM (0.15) 1.0 r.t., 90 min r.t., 53 h 30 
8 CDI (1.0) - 40 DCM (0.15) 1.0 40 °C, 30 min 40 °C, 24 h 30 
         
9 HATU (1.0) DIPEA (2.0) 40 DMF (0.20) 2.0 0 °C, 15 min r.t., 27 h 47 
10 HATU (1.2) DIPEA (3.0) 40 DCM (0.26) 2.0 0 °C, 20 min r.t., 24 h 83 
         
11 PyAOP (1.0) DIPEA (2.0) 40 DMF (0.20) 2.0 0 °C, 15 min r.t., 27 h 50 
12 PyAOP (1.2) DIPEA (3.0) 40 DCM (0.26) 2.0 0 °C, 20 min r.t., 24 h 82 
13 PyAOP (1.2) DIPEA (3.0) 100 DCM (0.22) 2.0 0 °C, 20 min r.t., 26 h 83 
14 PyAOP (1.2) DIPEA (6.0) 40 DCM (0.14) 2.0 0 °C, 20 min r.t., 26 h 70b 
15 PyAOP (1.2) DIPEA (2.0) 40 DCM (0.20) 1.2 0 °C, 20 min r.t., 25 h 80 
16 PyAOP (1.1) DIPEA (2.0) 100 DCM (0.23) 1.1 0 °C, 20 min r.t., 24 h 79 
17 PyAOP (1.1) DIPEA (2.0) 250 DCM (0.22) 1.1 0 °C, 60 min r.t., 26 h 80 
18 PyAOP (1.1) DIPEA (2.0) 1000 DCM (0.21) 1.1 0 °C, 30 min r.t., 24 h 64 
19 PyAOP (1.2) DIPEA (3.0) 40 DCM (0.23) 1.2 r.t., 20 min 40 °C, 24 h 80c 
20 PyAOP (1.2) DIPEA (3.0) 40 DCM (0.23) 1.2 40 °C, 20 min 40 °C, 24 h 83c 
CR = coupling reagent, AA = amino acid, PI = phosphonium ylide, ACT = activation, RCT = reaction,  
# = entry, eq. = equivalents 
a Concentration of an amino acid in solvent.  
b In situ from phosphonium bromide.  
c More side products observed. 
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CDI, as a coupling reagent that usually does not require additional base, did not perform 
well and gave the yields up to 30% (Table 5, entries 3–8). The first experiment with 
1.2 equivalents of CDI in CH2Cl2 (0.27 M) with prior 20-min activation at 0 °C and 
further 24-h reaction with two equivalents of phosphonium ylide at room temperature 
gave the desired product in extremely low yield of 10% (entry 3). Further modifications 
(entries 4–6) with additional base or more CDI did not significantly improve the yields 
(11–17%). It was observed that longer reaction time (entry 7) or higher reaction 
temperature (entry 8) gave better, but still low, yields (30%). THF as a solvent did not 
improve the results (not shown). Therefore, CDI did not seem as an appropriate 
coupling reagent. 
HATU was used in combination with DIPEA in DMF (Table 5, entry 9) or CH2Cl2 
(Table 5, entry 10) and gave, correspondingly, moderate (47%) and high (83%) yields. 
Results for this coupling reagent were promising. 
Similar observations were noticed with PyAOP (Table 5, entries 11–20). In the presence 
of DIPEA, reaction in DMF gave moderate yield (50%, entry 11) while in CH2Cl2 the 
yield was high (82%, entry 12). Further modifications and scale-up of the reaction 
conditions (entries 13,15–18) lead to the conclusion that the reaction is well scalable 
even when the ylide is used only in a slight excess. Yields were consistent, only a slight 
to moderate decrease in yield (to 64%) was observed on a gram scale (entry 18). 
Changes in activation and reaction temperature, set above room temperature, did not 
change the yield (80%) but resulted in more side products that made purification more 
challenging (entries 19,20). Since the coupling reaction proceeded under basic 
conditions, in situ formation of the phosphonium ylide showed a slight decrease of yield 
(to 70%) (Table 5, entry 14). 
In general, it was observed that higher concentrations of the substrate improve reaction 
yield and a reasonable activation time is probably helpful. The role of the reaction and 
activation temperatures was not fully recognized; however, higher temperatures 
(especially above room temperature) usually yielded more side products. Reaction time 
was arbitrarily set to be approximately one day to prevent the undesired reactivity and 
achieve practicality of the synthesis. The excess of the phosphonium ylide, needed to 
obtain the highest yield of the product, might depend on a coupling reagent that was 
used. In general, an appropriate base must be added in a sufficient amount (if required) 
to form a carboxylate as the reactive species. These findings were helpful for further 
improvements of the reaction conditions because the coupling reaction has several 
factors influencing the final yield. 
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REAL SYSTEM 
(coupling with ethyl protected yilide (5a)) 
Coupling reactions on a system where phenylalanine 4a was changed with arginine 3a 
were based on model-system-reaction results. Due to experimental limitations, 
concentrations of the amino acid in the real system were lower than in the model 
system. 
EDC, which performed well with phenylalanine, gave only a moderate yield (52%) on 
the real system using the same reaction conditions (Table 6, entry 1). The yield was 
consistent even on a scale-up (Table 6, entry 2). It was further studied what factors 
influence the yield the most (Table 6, entries 3–7). Modifications of reaction conditions 
included more DMAP (entry 3), less EDC (entry 4), less phosphorous ylide (entry 5), or 
changing the base for Et3N (entry 6). All these modifications resulted in a slight to 
significant decrease of yield (18–48%). Even when all of these factors were increased 
(entry 8), the yield did not improve (56%). 
CDI was expected to perform poorly (Table 6, entries 8–10), based on the results from 
the model system. The strength of the UV-active spots for the product on a TLC plate 
was significantly weaker in comparison to other coupling reagents, meaning that the 
reaction yield was considerably lower. Reaction with the highest concentration of the 
amino acid yielded the product in 18% yield (entry 9). 
When HATU and PyAOP were compared using the initial conditions (in CH2Cl2) 
translated from the model system, yields were 66% and 73%, respectively (Table 6, 
entries 11,12, respectively). The yield was high (80%) and consistent even on a scale-up 
(Table 6, entries 13,15–17). When 1.2 instead of 2.0 equivalents of the ylide were used, 
the reaction yield decreased to 60% (Table 6, entry 14). Changes in activation time or 
shortening the reaction time resulted in slightly lower yields (75–79%) (Table 6, 
entries 20–22). Higher activation and reaction temperature (Table 6, entries 23,24) 
lowered the yield (67–72%). Reactions with phosphorous ylides formed in situ from 
phosphonium salts gave a bit lower (60–67%) yields (Table 6, entries 18,19). 
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1 EDC (2.0) DMAP (0.5) 75 DCM (0.18) 2.0 0 °C, 30 min r.t., 23 h 52 
2 EDC (2.0) DMAP (1.0) 300 DCM (0.18) 2.0 0 °C, 20 min r.t., 40 h 53 
3 EDC (2.0) DMAP (3.0) 50 DCM (0.19) 2.0 0 °C, 30 min r.t., 31 h 48 
4 EDC (1.0) DMAP (0.5) 50 DCM (0.18) 2.0 0 °C, 30 min r.t., 31 h 37 
5 EDC (2.0) DMAP (0.5) 50 DCM (0.18) 1.0 0 °C, 30 min r.t., 31 h 33 
6 EDC (2.0) Et3N (3.0) 50 DCM (0.18) 2.0 0 °C, 30 min r.t., 31 h 18 
7 EDC (3.0) DMAP (3.0) 50 DCM (0.18) 3.0 0 °C, 20 min r.t., 28 h 56 
         
8 CDI (1.5) Et3N (3.0) 50 DCM (0.09) 2.0 0 °C, 30 min r.t., 31 h -
b 
9 CDI (1.3) - 50 DCM (0.37) 1.5 0 °C, 60 min r.t., 16 h 18 
10 CDI (1.3) - 50 DCM (0.18) 2.0 0 °C, 10 min r.t., 27 h -b 
         
11 HATU (1.2) DIPEA (3.0) 65 DCM (0.21) 2.0 0 °C, 25 min r.t., 27 h 66 
         
12 PyAOP (1.2) DIPEA (3.0) 65 DCM (0.21) 2.0 0 °C, 20 min r.t., 27 h 73 
13 PyAOP (1.2) DIPEA (3.0) 150 DCM (0.21) 2.0 0 °C, 20 min r.t., 25 h 81 
14 PyAOP (1.2) DIPEA (2.0) 150 DCM (0.21) 1.2 0 °C, 20 min r.t., 24 h 60 
15 PyAOP (1.2) DIPEA (3.0) 300 DCM (0.21) 2.0 0 °C, 20 min r.t., 24 h 82 
16 PyAOP (1.2) DIPEA (3.0) 400 DCM (0.22) 2.0 0 °C, 60 min r.t., 26 h 78 
17 PyAOP (1.2) DIPEA (3.0) 700 DCM (0.17) 2.0 0 °C, 30 min r.t., 24 h 79 
18 PyAOP (1.2) DIPEA (6.0) 60 DCM (0.15) 2.0 0 °C, 20 min r.t., 26 h 60c 
19 PyAOP (1.2) DIPEA (6.0) 100 DCM (0.15) 1.5 0 °C, 20 min r.t., 24 h 67c 
20 PyAOP (1.2) DIPEA (3.0) 60 DCM (0.20) 2.0 - r.t., 25 h 75 
21 PyAOP (1.2) DIPEA (3.0) 60 DCM (0.20) 2.0 0 °C, 20 min r.t., 8 h 75 
22 PyAOP (1.2) DIPEA (3.0) 60 DCM (0.20) 2.0 0 °C, 60 min r.t., 24 h 79 
23 PyAOP (1.2) DIPEA (3.0) 60 DCM (0.20) 2.0 r.t., 20 min 40 °C, 24 h 72d 
24 PyAOP (1.2) DIPEA (3.0) 60 DCM (0.20) 2.0 40 °C, 20 min 40 °C, 24 h 67d 
CR = coupling reagent, AA = amino acid, PI = phosphonium ylide, ACT = activation, RCT = reaction,  
# = entry, eq. = equivalents 
a Concentration of an amino acid in solvent.  
b Low TLC conversion.  
c In situ from phosphonium bromide. 
d More side products observed. 
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REAL SYSTEM 
(coupling with 2-(trimethylsilyl)ethyl (5b) and 2,2,2-chloroethyl (5c) protected ylides) 
With the optimized coupling conditions in hand, we tested these conditions on the real 
system where phosphonium ylides were bearing 2-(trimethylsilyl)ethyl (TMSE) and 
2,2,2-chloroethyl (Tce) ester moieties. Coupling reagent PyAOP (1.2 equivalents) was 
used in the presence of DIPEA (6.0 equivalents). Amino acid was used in 0.1–0.2 M 
concentrations in CH2Cl2, and was activated for 0.5 h at 0 °C prior to a 1-day reaction at 
room temperature. When phosphonium ylides 5 were used neat, TMSE-analogue (5b) 
gave the yield in the expected range (76%, Table 7, entry 1), while Tce-analogue (5c) 
gave a lower yield (49%, Table 7, entry 6). Due to easier handling with solids, 
phosphonium ylides were prepared in situ via prior deprotonation of phosphonium salts. 
Yields of the corresponding couplings remained in the range of prior results; 
nevertheless, a slight decrease in yield was observed on a scale-up. TMSE-analogue was 
obtained in 59–73% (Table 7, entries 2–5) and Tce-analogue in 40–50% yield (Table 7, 
entries 7–10).  
Even though moderate results were observed with increasing complexity of the 
products 6, they were synthetically accessible in a reasonable amount for further 
transformations. Further optimizations and improvements are highly desired because the 
final yield of a multistep total synthesis is affected by every step. 



















1 PyAOP (1.2) DIPEA (3.0) 170 DCM (0.19) 5b  2.0 0 °C, 20 min r.t., 24 h 76 
2 PyAOP (1.2) DIPEA (6.0) 60 DCM (0.10) 5b  2.0 0 °C, 30 min r.t., 25 h 68b 
3 PyAOP (1.2) DIPEA (6.0) 200 DCM (0.15) 5b  2.0 0 °C, 30 min r.t., 26 h 73b 
4 PyAOP (1.2) DIPEA (6.0) 500 DCM (0.15) 5b  2.0 0 °C, 30 min r.t., 24 h 70b 
5 PyAOP (1.2) DIPEA (6.0) 800 DCM (0.13) 5b  2.0 0 °C, 30 min r.t., 25 h 59b 
6 PyAOP (1.2) DIPEA (3.0) 170 DCM (0.19) 5c  2.0 0 °C, 20 min r.t., 24 h 49 
7 PyAOP (1.2) DIPEA (6.0) 60 DCM (0.10) 5c  2.0 0 °C, 30 min r.t., 25 h 47b 
8 PyAOP (1.2) DIPEA (6.0) 200 DCM (0.15) 5c  2.0 0 °C, 30 min r.t., 26 h 50b 
9 PyAOP (1.2) DIPEA (6.0) 500 DCM (0.15) 5c  2.0 0 °C, 30 min r.t., 24 h 46b 
10 PyAOP (1.2) DIPEA (6.0) 800 DCM (0.13) 5c  2.0 0 °C, 30 min r.t., 25 h 40b 
CR = coupling reagent, AA = amino acid, PI = phosphonium ylide, ACT = activation, RCT = reaction, 
# = entry, eq. = equivalents 
a Concentration of an amino acid in solvent. b In situ from phosphonium bromide. 
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3.2.3 Oxidation of phosphonium ylides to form vicinal tricarbonyl compounds 
The vicinal tricarbonyl motif was masked by phosphonium ylide functional group and 
could be revealed upon oxidative cleavage of carbon-phosphorous bond. Literature 
described several possible appropriate oxidants for oxidation to vicinal tricarbonyls 
(Oxone, ozone, DMDO) [32,33] or to reveal keto group masked by phosphonium ylide 
(NaIO4, Davis oxaziridine, mCPBA) [34,35,36]. 
Ozone was expected to give the cleanest transformation with triphenylphosphine oxide 
as the only side-product. However, vicinal tricarbonyls proved to be rather challenging 
compounds. Oxidation proceeded at −78 °C in CH2Cl2 by bubbling the ozone through 
the solution of a substrate in 30-s intervals until the full consumption of a starting 
material 6 (Table 8, entry 1). Gradual oxidation with intervals prevented saturation of 
the solution with ozone and allowed a TLC control of the reaction progress. Despite 
that, some additional side products were observed from the very beginning. It was also 
found out that after the oxidation was finished, when ozone was not present in the 
reaction mixture anymore, side products were formed with time. Even though we tried 
to isolate the products 7, column chromatography was not successful. The spot on a 
TLC, speculated to belong to the product, was tailing and was not UV-active anymore. 
Vicinal tricarbonyls might form hydrates or might get deprotected; however, the latter 
was not expected. LC-MS analysis could not confirm the presence of the mass peak 
corresponding to the desired vicinal tricarbonyls, however peak for triphenylphosphine 
oxide was detected. Despite the difficulties, there were other signs (consumption of 
starting material, O=PPh3 formed) that oxidation proceeded, yet not exactly known in 
what way. Results from the model system were translated to the real system. 
It was expected that phosphonium ylides could be oxidized by Oxone (potassium 
peroxymonosulfate, KHSO5 · 0.5 KHSO4 · 0.5 K2SO4) under mild conditions as reported 
in literature [32]. A solubility problem of the substrate was noticed in the two-phase 
system THF/water; consequently, the ratio and the amount of the solvents were adjusted 
according to the system being oxidized (Table 8, entries 2,5). The first results showed 
poor conversion at room temperature even after several days or with high excess of 
Oxone. To overcome solubility issues, we used MeCN or CH2Cl2 in combination with 
water or only CH2Cl2 (Table 8, entries 3,4,6–10). Outcomes were that after a day, the 
conversion was low at room temperature. However, additional side products were 
observed and were present even at 0 °C. Higher reaction temperature (entry 9) or phase 
transfer catalyst being used (entry 10) led to more side products being formed, 
indicating possible decomposition. Based on all the findings, Oxone was unfortunately 
not a suitable oxidant for these systems. 
In comparison to Oxone, oxidants NaIO4, mCPBA, and Davis oxaziridine, showed 
similar or worse preliminary results (Table 8, entries 11–16); therefore, ozonolysis was 
highly preferred. DMDO, another oxidant, was not tested. 
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Table 8: Attempts towards oxidation of phosphonium ylides with various oxidants 
 
# oxidant (eq.) substrate [mg] solvent t T observation 
1 O3 - 6a 59 DCM 
30 s intervals  
(until full conversion) 
−78 °C a 
2 Oxone 4.0 6a 100 THF/water 2:3 4 d r.t. b 
3 Oxone 2.0 6a 50 DCM/ water 1:1 4 h 0 °C b 
4 Oxone 2.0 6a 50 DCM 2 d 0 °C b 
         
5 Oxone 1.2 6b 80 THF/water 2:1 1 d r.t. b 
6 Oxone 4.0 6b 70 MeCN/water 1:1 1 d r.t. b 
7 Oxone 2.0 6b 50 DCM/water 1:1 4 h 0 °C b 
8 Oxone 2.0 6b 50 DCM 4 h 0 °C b 
9 Oxone 8.0 6b 35 DCM 
   1 d 




10 Oxone* 4.0 6b 35 DCM/ water 1:1 2 d r.t. b,c 
11 NaIO4 3.0 6b 35 DCM/water 2:1 1 h r.t. b 
12 NaIO4 3.0 6b 35 water 1 h 90 °C d 
13 NaIO4* 3.0 6b 35 DCM/water 1:1 4 h r.t. b 
14 NaIO4 3.0 6b 35 MeCN/water 4:1 4 h 60 °C d 
15 mCPBA 2.5 6b 70 DCM 1 d 0 °C b 
16 Davis oxaziridine 8.0 6b 35 DCM 2 d r.t. b 
# = entry, eq. = equivalents 
a: Full conversion, product peak not observed in LC-MS. 
b: Partial, low conversion. 
c: Side products observed. 
d: No conversion, solubility issues. 
* nBu4NBr added. 
 
3.2.4 Synthesis of the pyridine ring from vicinal tricarbonyl compounds 
The final challenge towards the synthesis of trisubstituted pyridines 11 was the 
formation of the heterocycle. Vicinal tricarbonyls 7 were not accessible in pure form for 
their further transformations; hence, we used crude products after they had been 
prepared with ozonolysis. Reaction with amidrazone 8a formed the triazine 9 that could 
be in a one-pot reaction further transformed to pyridine 11. One-pot procedure using 
vicinal tricarbonyl compounds as starting materials was reported by Watson [20]. We 
employed these reaction conditions to our system and tried to optimize them (Table 9).  
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The synthesis of amidrazone was achieved in two steps (Scheme 24). Ethyl 
2-amino-2-oxoacetate (17) reacted with Lawesson's reagent in THF at the reflux 
temperature for 3 h under nitrogen atmosphere. To the yielded thioamide 18, hydrazine 
was added to form amidrazone 8a. It was reported that the obtained compound 8a might 
be of a questionable stability, and the results of the pyridine ring formation (discussed 
below) might have been affected by that. To minimize this issue, we decided to prepare 
the amidrazone in situ. 
 
Scheme 24: Amidrazone synthesis in two steps 
The one-pot procedure (Scheme 25) consisted of triazine 9 formation (via condensation) 
and later aza-Diels–Alder reaction with 2,5-norbornadiene (10) and consequent  
retro-aza-Diels–Alder reaction to extrude the nitrogen. Intermediate undergoes 
rearomatization, its driving force is the elimination of the cyclopentadiene. Reaction 
with 2,5-norbornadiene can, thus, be perceived as a formal reaction with ethyne. 
 
Scheme 25: One-pot synthetic strategy for the synthesis of 2,3,6-trisubstituted pyridines  
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With the first parallel experiments, we tried to determine how the excess of amidrazone 
affects the yield of the reaction. Amidrazone 8a was used in 1, 3 or 10 equivalents. The 
model system gave low but consistent yields (15%) regardless if the amidrazone was 
used in excess (Table 9, entries 1–3). O-Ethyl protected real system gave yields in the 
same range (5–15%), but a decrease in yield was observed with the higher excess of 
amidrazone (Table 9, entries 6–8). When the amidrazone was prepared in situ and room 
temperature was used for the condensation step, yields improved. The first system 
reached a moderate 40% yield, and the second system 23% yield (Table 9, entries 5,10, 
respectively). Longer reaction time and lower temperature gave comparable results, the 
first system gave 35% yield, and the second system 26% yield (amount of amidrazone 
was doubled in the latter case) (Table 9, entries 4,9, respectively). 
Reaction conditions with shorter reaction time and higher temperature were used for the 
other analogues, TMSE-protected product 11c was obtained in 23% yield (Table 9, 
entry 11), and Tce-protected product 11d in 17% yield (Table 9, entry 12).  
On larger scale, we decided to use reaction conditions with longer reaction times at 
lower temperatures. Condensation of crude vicinal tricarbonyls 7 and 1.2–1.3 
equivalents of amidrazone 8a ran in ethanol for 1–2 h at room temperature under 
nitrogen atmosphere. After the addition of 2,5-norbornadiene, the reaction mixture was 
heated to 60 °C for 20–21 h. Yields were in the range of previous findings 14–37% 
(Table 9, entries 13–16).  
The synthesis of pyridines 11a–d starting from phosphonium ylides 7a–d consists of 
three steps (oxidation, condensation and aza-Diels–Alder reaction) and it is, for now, an 
unanswered question which of those are problematic in terms of conversion and, if one, 
is a bottleneck of this transformation. When only an amino-acid-originating residue of 
the starting material was changed from phenylalanine to arginine one, the yield 
decreased for approximately one third (37% and 25%, respectively) (Table 9,  
entries 13,14, respectively). When the ester part of the real system was altered, the yield 
was decreasing in order as follows: Et (25%), TMSE (23%), and Tce (14%) (Table 9, 
entries 14–16, respectively). Results suggested that arginine-originating substituent was 
more challenging than phenylalanine-originating one and that the TMSE protecting 
group behaves in a similar manner as the ethyl group, while the presence of the Tce 
group almost halves the yield. 
Further improvements towards the better yields can be envisioned. One is solving the 
issue of decomposition and purity of the oxidized products; however, it might be 
difficult to achieve that in practice. The second is the isolation of the triazines prior to 
their further reaction with 2,5-norbornadiene to minimize the undesired reactivity. And 
the third is the optimization of the reaction conditions (temperature and time). 
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Table 9: Reaction conditions for one-pot pyridine ring formation. 
 
# PI [mg] 8a (eq.) Reaction conditions (T, t)   yield [%] 
1 6a 30 1 80 °C, 45 min + 80 °C, 20 h 11a 15a 
2 6a 30 3 80 °C, 45 min + 80 °C, 20 h 11a 15a 
3 6a 30 10 80 °C, 45 min + 80 °C, 20 h 11a 15a 
4 6a 100 1.1 r.t, 30 min + 60 °C, 22 h 11a 35 
5 6a 110 1.1b r.t. 20 min + 80 °C, 12 h 11a 40 
         
6 6b 29 1 80 °C, 45 min + 80 °C, 18 h 11b 15a 
7 6b 29 3 80 °C, 45 min + 80 °C, 18 h 11b 10a 
8 6b 29 10 80 °C, 45 min + 80 °C, 18 h 11b   5a 
9 6b 100 2 r.t., 30 min + 60 °C, 20 h 11b 26 
10 6b 185 1.1b r.t., 30 min + 80 °C, 10 h 11b 23 
         
11 6c 71 1.1b r.t., 20 min + 80 °C, 12 h 11c 23 
12 6d 50 1.1b r.t., 20 min + 80 °C, 12 h 11d 17 
         
13 6a 500 1.2b r.t., 2 h + 60 °C, 21 h 11a 37 
14 6b 500 1.3b r.t., 1 h + 60 °C, 21 h 11b 25 
15 6c 500 1.3b r.t., 1 h + 60 °C, 21 h 11c 23 
16 6d 400 1.3 b r.t., 1 h + 60 °C, 20 h 11d 14 
PI = phosphonium ylide, # = entry, eq. = equivalents 
a Determined by NMR.  b Formed in situ. 
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3.3 Substitution on a pyridine ring 
3.3.1 Minisci-type reaction 
Wang and coworkers have recently reported results on alkylation of heteroarenes with 
N-hydroxybenzimidoyl chloride esters (Scheme 26) [37]. They have successfully 
installed decarboxylated α-amino-acid species 26 to the position 2 of quinolines, 
pyridines, and some other heterocycles. Nonetheless, it offered a general 
functionalization of peptides. As proposed, newly developed N-hydroxybenzimidoyl 
chloride (NHBC) esters function as radical precursors. Under a blue-light irradiation 
and iridium catalyst, the NHBC ester 24' forms a carbon radical via a single electron 
transfer (SET) and elimination of chloride, CO2 and benzonitrile. The radical 26 adds to 
the heterocycle and yields the product 20' after another single electron transfer 
(27 → 28) and deprotonation [37].  
  
Scheme 26: Proposed mechanism for the Minisci reaction with NHBC esters (24') [37] 
Minisci-type reaction, in general, offers substituents being installed to the positions 2, 4 
and/or 6 of a pyridine ring. Reaction proceeds via carbon radical that is generated after 
decarboxylation of the substrate. Stereochemical information on a radical-bearing 
carbon α to the carboxylic group will, thus, be lost. If stereochemistry on a 
bond-forming carbon is important, the highest theoretical yield of 50% must be 
accepted, or another route should be considered. 
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Scheme 27: Minisci reaction (control experiment and model system) 
Encouraged with the results of Wang and coworkers, we have decided to test this 
alkylation on the model system consisting of pyridinedicarboxylate 12a and 
phenylalanine 4a (Scheme 27). As a control experiment, we have decided to repeat the 
literature procedure with the same amino acid and 4-methylquinoline (19). Both 
reactions were set in MeCN under nitrogen atmosphere. [Ir(dF(CF3)ppy)2(dtbpy)]PF6 
was used as a photoredox catalyst, and the vials were irradiated with blue Tuna LEDs 
for 18 h, while being cooled by an outer stream of air. On a 30-mg scale of NHBC ester 
24 used, the control experiment with two equivalents of 4-methylquinoline yielded the 
desired product 20 in 78% yield, as expected from the literature. 
The N-hydroxybenzimidoyl chloride ester 24 derived from N-Boc protected 
L-phenylalanine (4a) was prepared according to the literature procedure (Scheme 28) 
[37]. Benzaldehyde (21) reacted with the hydroxylamine to form the corresponding 
oxime 22, which was further N-chlorinated with NCS. Obtained hydroximoyil chloride 
23 was coupled with the N-Boc protected L-phenylalanine (4a) in the presence of EDC 
and DMAP. 
 
Scheme 28: Synthesis of NHBC ester in three steps 
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The model system with a dimethyl pyridine-2,5-dicarboxylate 12a was set under the 
same conditions as the control experiment for the Minisci-type reaction, with the 
exception of a different heterocycle used. Despite the TLC showing an array of  
UV-active spots, the mass of the desired product 25 could not be detected by LC-MS 
analysis of the reaction mixture. 
The Minisci type reaction can result in alkylation of positions 2, 4, and 6 of a pyridine 
ring. Substrate for the model reaction had its position 2 blocked, while positions 4 and 6 
were not substituted. Alkylation at the position 4 would form the undesired regioisomer 
and only alkylation at the position 6 was desired. The other issue with the radical 
mechanism is a loss of stereochemical information. The obtained racemic mixture 
would probably mean a difficult chiral separation on scale-up with a 50% theoretical 
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4 Experimental 
All experimental work was conducted at the University of Illinois Urbana-Champaign. 
All chemicals were purchased from commercial suppliers and used as received, unless 
otherwise noted. When needed, solvents (ACS grade) were dried for reactions using the 
MB-SPS solvent purification system containing activated alumina manufactured by 
MBRAUN. 
Analytical thin-layer chromatography (TLC) was performed on Merck silica gel 60 
F254 aluminum sheets. Visualization was accomplished with UV light and/or potassium 
permanganate (KMnO4). Retention factor (Rf) values reported were measured using a 
5 × 2 cm TLC plate in a developing chamber containing the solvent system described.  
Silicycle SiliaFlash® P60 (SiO2, 40–63 μm particle size, 230–400 mesh) was used for 
column chromatography. Some compounds were purified using Biotage® Isolera™ One 
with normal phase columns. 
1H, 13C, COSY, HSQC and HMBC NMR spectra were recorded on Bruker 500 
(500 MHz, 1H; 126 MHz, 13C) or Varian Unity Inova 500 (500 MHz, 1H) spectrometers. 
Spectra are referenced to residual chloroform (δ = 7.26 ppm, 1H; 77.16 ppm, 13C). 
Chemical shifts are reported in parts per million (ppm). Multiplicities are indicated by 
s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), and br (broad). Coupling 
constants J are reported in Hertz (Hz).  
High resolution mass spectrometry (HRMS) was performed by the University of Illinois 
Mass Spectrometry Laboratory. Electrospray ionization (ESI+) spectra were performed 
using a time-of-flight (TOF) mass analyzer. Data are reported in the form of m/z. 
Infrared (IR) spectra were measured on a Perkin-Elmer Spectrum Two FT-IR ATR 
spectrometer. Peaks are reported in cm–1.  
Melting points were measured on a Buchi B-540 melting point apparatus and are 
uncorrected. 
Some characterizations, labeled as not measured*, could not have been done due to the 
closure of the research facilities at the UIUC (Covid-19 prevention measures).  
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4.1 Synthesis of tert-butyl (1-(((chloro(phenyl)methylene)amino)oxy)-1-oxo-3-
phenylpropan-2-yl)carbamate (24) 
 
   
Product 24 was synthesized following a modified literature procedure [37]. 
Spectroscopic data are in agreement with those reported in literature [37]. 
1.) Hydroxylamine (50% aq. solution) (0.37 mL, 6.1 mmol 1.2 equiv.) was added to 
benzaldehyde (21, 0.51 mL, 5.0 mmol, 1.0 equiv.) in ethanol (3.0 mL). The reaction 
mixture was stirred for 1 h at room temperature (until completion, judged by TLC) and 
then evaporated in vacuo. The reaction was quenched with water (10 mL) and extracted 
with EtOAc (3 × 7 mL). Combined organic layers were dried (MgSO4), filtered and 
evaporated in vacuo. Oxime 22 was used in the next step without purification. 
2.) N-chlorosuccinimide (0.81 g, 6.1 mmol, 1.2 equiv.) was added in portions to the 
solution of oxime 22 in DMF (3.0 mL). The reaction mixture was stirred at room 
temperature until completion (45 min), judged by TLC, then diluted with water (18 mL) 
and extracted with diethyl ether (3 × 8 mL). Combined organic layers were washed with 
water (2 × 8 mL) and LiCl (10% aq. solution, 2 × 8 mL). Combined aqueous layers 
were back-extracted with diethyl ether (2 × 8 mL). All combined organic layers were 
dried (MgSO4), filtered and evaporated in vacuo. Resulting hydroximoyl chloride 23 
was obtained as a light green oil (0.75 g, 4.8 mmol, 95% over two steps). 
3.) (tert-butoxycarbonyl)phenylalanine (Boc-Phe-OH) (4a, 0.31 g, 1.2 mmol, 
1.2 equiv.) and DMAP (12 mg, 96 µmol, 0.1 equiv.) were added to the solution of 
hydroximoyl chloride 23 (0.15 g, 0.96 mmol, 1.0 equiv.) in CH2Cl2 (8.0 mL). Solution 
of EDC (0.22 g, 1.2 mmol, 1.2 equiv.) in CH2Cl2 (2.0 mL) was added dropwise to the 
reaction mixture at 0 °C. After 4.5 h of stirring at room temperature, the reaction 
mixture was evaporated in vacuo and purified by column chromatography (SiO2, 
hexanes/EtOAc 5:1). The NHBC ester 24 was obtained as a white solid (0.27 g, 
0.67 mmol, 70% yield).  
1H NMR (500 MHz, CDCl3): δ 7.97 (d, J = 7.8 Hz, 2H), 7.54 (t, J = 7.4 Hz, 1H), 7.45 
(t, J = 7.7 Hz, 2H), 7.31 (t, J = 7.4 Hz, 2H), 7.28 – 7.26 (m, 1H), 7.21 (d, J = 7.4 Hz, 
2H), 5.03 (d, J = 8.7 Hz, 1H), 4.88 (m, 1H), 3.22 (m, 2H), 1.43 (s, 9H). 
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4.2 Synthesis of tert-butyl (1-(4-methylquinolin-2-yl)-2-phenylethyl)carbamate 
(20) 
 
   
 
Product 20 was synthesized following the literature procedure [37]. Spectroscopic data 
are in agreement with those reported in literature [37]. 
NHBC ester 24 (27 mg, 67 µmol, 1.0 equiv.) was added to the vial charged with iridium 
catalyst [Ir(dF(CF3)ppy)2(dtbpy)]PF6 (2 mg, 3 mol%). Under nitrogen atmosphere, 
anhydrous MeCN (1.0 mL) and 4-methylquinoline (19, 20 μL, 0.14 mmol, 2 equiv.) 
were added. The vial was irradiated with blue Tuna LEDs for 18 h while being 
externally cooled with a stream of air. Completion was judged by TLC and the reaction 
mixture was evaporated in vacuo and the crude product was purified by column 
chromatography (SiO2, hexanes/EtOAc 5:1) to yield the desired heteroarene 20 (19 mg, 
52 µmol, 78% yield). 
1H NMR (500 MHz, CDCl3): δ 8.05 (d, J = 8.4 Hz, 1H), 7.95 (d, J = 8.3 Hz, 1H), 7.69 
(t, J = 7.9 Hz, 1H), 7.53 (t, J = 7.5 Hz, 1H), 7.21 – 7.12 (m, 3H), 7.05 – 6.96 (m, 2H), 
6.81 (s, 1H), 6.14 (d, J = 7.7 Hz, 1H), 5.14 – 5.05 (m, 1H), 3.30 (dd, J = 13.4, 5.8 Hz, 
1H), 3.16 (dd, J = 13.3, 7.7 Hz, 1H), 2.58 (s, 3H), 1.45 (s, 9H). 
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Product 18 was synthesized following the literature procedure [38]. 
An oven-dried flask was charged with ethyl 2-amino-2-oxoacetate (17, 2.93 g, 
25.0 mmol, 1.0 equiv.) and Lawesson's reagent (5.36 g, 13.3 mmol, 0.53 equiv.). Reflux 
apparatus was assembled under nitrogen atmosphere and anhydrous THF (100 mL) was 
added. The resulting clear orange solution was heated under reflux (80 °C) for 3 h. The 
mixture was then cooled to room temperature and concentrated under reduced pressure. 
The residue was diluted with EtOAc (300 mL), washed with NaHCO3 (aq. sat., 150 mL) 
and brine (150 mL) and dried over MgSO4. The solvent was removed under reduced 
pressure. The crude product was purified by column chromatography (SiO2, 
toluene/EtOAc 15:1). Ethyl 2-amino-2-thioxoacetate (18) was obtained as a yellow 
solid (2.79 g, 21.0 mmol, 84% yield). 
 
Rf  0.4 (SiO2, hexanes/EtOAc = 2:1), 0.2 (SiO2, toluene/EtOAc = 9:1) 
1H NMR (500 MHz, CDCl3): δ 8.31 (bs, 1H), 8.00 (bs, 1H), 4.35 (q, J = 7.1 Hz, 2H), 
1.38 (t, J = 7.1 Hz, 3H). 
13C NMR (126 MHz, CDCl3): δ 187.7, 158.8, 64.2, 14.0. 
Spectroscopic data are in agreement with those reported in literature [39]. 
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An oven dried flask was charged with ethyl thiooxamate (18, 300 mg, 2.25 mmol, 
1.0 equiv.) and later dissolved in EtOH (20 mL) at 0 °C. Nitrogen was bubbled through 
the reaction mixture allowing formed H2S to escape when hydrazine (0.20 mL, 
6.75 mmol, 3.0 equiv.) was slowly added to the solution. After stirring at the same 
temperature for 2 h, the solvent was removed in vacuo and the product 8a was used 
without further purification. 
 
1H NMR (500 MHz, CDCl3): δ 4.77 (br, 2H), 4.51 (br, 2H), 4.34 (q, J = 7.1 Hz, 2H), 
1.38 (t, J = 7.1 Hz, 3H). 
Spectroscopic data are in agreement with those reported in literature [38]. 
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Product 15b was synthesized using a modified literature procedure [40]. 
A mixture of anhydrous Et3N (3.5 mL, 25 mmol, 1.0 equiv.) and 
2-(trimethylsilyl)ethanol (14a, 3.6 mL, 25 mmol, 1.0 equiv.) in anhydrous CH2Cl2 
(20 mL) was added dropwise to an ice-cold solution of bromoacetyl bromide (13, 
2.2 mL, 25 mmol, 1.0 equiv.) in CH2Cl2 (80 mL) under nitrogen atmosphere. The 
reaction mixture was allowed to warm up to room temperature overnight. Reaction was 
quenched with water (50 mL), layers were separated and aqueous layer was extracted 
with CH2Cl2 (2 × 30 mL). Combined organic layers were washed with brine (25 mL), 
dried (MgSO4) and concentrated in vacuo. Crude product was purified by column 
chromatography (SiO2, n-pentane/Et2O 25:1) to give the desired product 15b (3.5 g, 
15 mmol, 60% yield) as solution in n-pentane and Et2O. 
 
Rf 0.8 (SiO2, hexanes/EtOAc = 2:1), 0.7 (SiO2, hexanes/EtOAc = 5:1) 
1H NMR (500 MHz, CDCl3): δ 4.29 – 4.24 (m, 2H), 3.81 (s, 2H), 1.06 – 1.01 (m, 2H), 
0.05 (s, 9H). 
13C NMR (126 MHz, CDCl3): δ 167.5, 64.9, 26.2, 17.4, −1.4. 
Spectroscopic data are in agreement with those reported in literature [41]. 
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Product 15c was synthesized in a similar manner as the product 15b. 
A mixture of anhydrous Et3N (3.5 mL, 25 mmol, 1.0 equiv.) and 2,2,2-tricholoroethanol 
(14b, 2.4 mL, 25 mmol, 1.0 equiv.) in anhydrous CH2Cl2 (25 mL) was added dropwise 
to an ice-cold solution of bromoacetyl bromide (13, 2.2 mL, 25 mmol, 1 equiv.) in 
CH2Cl2 (75 mL) under nitrogen atmosphere. The reaction mixture was allowed to warm 
up to room temperature overnight. Reaction was quenched with water (50 mL), layers 
were separated and aqueous layer was extracted with CH2Cl2 (2 × 30 mL). Combined 
organic layers were washed with brine (25 mL), dried (MgSO4) and concentrated in 
vacuo. Crude product was purified by column chromatography (SiO2, n-pentane/Et2O 
30:1) to give the desired product 15c (2.7 g, 10 mmol, 40% yield) as a solution in 
n-pentane and Et2O. 
 
Rf  0.7 (SiO2, hexanes/EtOAc = 2:1), 0.6 (SiO2, hexanes/EtOAc = 5:1) 
1H NMR (500 MHz, CDCl3): δ 4.82 (s, 2H), 3.97 (s, 2H). 
13C NMR (126 MHz, CDCl3): δ 166.0, 94.4, 75.1, 24.9.  
Spectroscopic data are in agreement with those reported in literature [42]. 
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Product 16a was synthesized using a modified literature procedure [43]. 
To the solution of ethyl bromoacetate (15a, 2.5 mL, 23 mmol, 1.0 equiv.) in toluene 
(200 mL), triphenylphosphine (6.9 g, 26 mmol, 1.1 equiv.) was added. The resulting 
solution was stirred at 45 °C overnight (until completion, judged by TLC). The reaction 
mixture was cooled to room temperature, diethyl ether (50 mL) was added and stirred 
for 10 min. White precipitate was filtered, washed with hexanes and diethyl ether and 
dried in vacuo. Reaction yielded the desired product 16a as a white solid (8.17 g, 
19 mmol, 83% yield). 
 
1H NMR (500 MHz, CDCl3): δ 7.95 – 7.86 (m, 6H), 7.82 – 7.74 (m, 3H), 7.70 – 7.63 
(m, 6H), 5.60 (d, J = 13.8 Hz, 2H), 4.03 (q, J = 7.2 Hz, 2H), 1.06 (t, J = 7.1 Hz, 3H). 
13C NMR (126 MHz, CDCl3): δ 164.7 (d, J = 3.4 Hz), 135.2 (d, J = 3.2 Hz), 134.2 (d, 
J = 10.7 Hz), 130.4 (d, J = 13.1 Hz), 118.2 (d, J = 89.0 Hz), 63.0, 33.5 (d, J = 56.7 Hz), 
13.9. 
IR (ATR, neat, cm–1): 2766, 1708, 1436, 1319, 1196, 1110. 
Tm 157–159 °C 
Spectroscopic data are in agreement with those reported in literature [43].  
Andraž Oštrek: Modular synthesis of pyritides 
    51 





Product 16b was synthesized in a similar manner as the product 16a. 
To the solution of 2-(trimethylsilyl)ethyl 2-bromoacetate (15b, 3.5 g, 15 mmol, 
1.0 equiv.) in toluene (60 mL), triphenylphosphine (4.2 g, 16 mmol, 1.1 equiv.) was 
added. Resulting solution was stirred at 35 °C for 40 h (until completion, judged by 
TLC). The reaction mixture was cooled to room temperature, hexanes (60 mL) was 
added and stirred for 4 h. White precipitate was filtered, washed with hexanes and dried 
in vacuo. Reaction yielded the desired product 16b as a white solid (6.1 g, 12 mmol, 
83% yield). 
 
1H NMR (500 MHz, CDCl3): δ 7.92 – 7.84 (m, 6H), 7.80 – 7.73 (m, 3H), 7.68 – 7.62 
(m, 6H), 5.52 (d, J = 13.6 Hz, 2H), 4.06 – 3.99 (m, 2H), 0.81 – 0.73 (m, 2H), −0.07 (s, 
9H). 
13C NMR (126 MHz, CDCl3): δ 164.8 (d, J = 3.4 Hz), 135.2 (d, J = 3.2 Hz), 134.1 (d, 
J = 10.6 Hz), 130.3 (d, J = 13.1 Hz), 118.2 (d, J = 89.0 Hz), 65.5, 33.4 (d, J = 56.7 Hz), 
17.3, −1.6. 
IR (ATR, neat, cm–1): 2953, 1718, 1437, 1310, 1248, 1167, 1110, 860, 834. 
Tm 100–102 °C 
Spectroscopic data are in agreement with those reported in literature [41]. 
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Product 16c was synthesized in a similar manner as the product 16a. 
To the solution of 2,2,2-trichloroethyl 2-bromoacetate (15c, 2.6 g, 9.6 mmol, 1.0 equiv.) 
in toluene (60 mL), triphenylphosphine (2.8 g, 11 mmol, 1.1 equiv.) was added. 
Resulting solution was stirred at 35 °C for 44 h (until completion, judged by TLC). The 
reaction mixture was cooled to room temperature, hexanes (60 mL) was added and 
stirred for 4 h. White precipitate was filtered, washed with hexanes and dried in vacuo. 
Reaction yielded the desired product 16c as a white solid (4.0 g, 7.5 mmol, 78% yield). 
 
1H NMR (500 MHz, CDCl3): δ 7.97 – 7.88 (m, 6H), 7.81 – 7.74 (m, 3H), 7.71 – 7.62 
(m, 6H), 5.92 (d, J = 13.7 Hz, 2H), 4.66 (s, 2H). 
13C NMR (126 MHz, CDCl3): δ 163.6 (d, J = 3.3 Hz), 135.4 (d, J = 3.2 Hz), 134.2 (d, 
J = 10.8 Hz), 130.5 (d, J = 13.2 Hz), 117.7 (d, J = 89.2 Hz), 93.9, 75.1, 33.4 (d, 
J = 57.2 Hz).  
IR (ATR, neat, cm–1): 2847, 2698, 1760, 1437, 1261, 1227, 1138, 1111. 
Tm  168–173 °C 
Spectroscopic data for the compound 16c are not reported in literature. 
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Product 5a was synthesized following a literature procedure [43]. 
(2-ethoxy-2-oxoethyl)triphenylphosphonium bromide (16a, 5.00 g, 11.6 mmol, 
1.0 equiv.) was dissolved in CH2Cl2 (45 mL) at 0 °C. NaOH (1 M, 45 mL) was added 
and the reaction mixture was stirred vigorously for 15 min. Layers were separated and 
aqueous layer was extracted with CH2Cl2 (3 × 15 mL). Combined organic layers were 
dried (MgSO4), filtered, and concentrated in vacuo. The desired product 5a was 
obtained as a white solid (4.01 g, 11.5 mmol, 99% yield) and was used without further 
purification. 
Rotamers increased the complexity of the NMR spectrum. 
1H NMR (500 MHz, CDCl3): δ 7.70 – 7.61 (m, 6H), 7.57 – 7.50 (m, 3H), 7.48 – 7.41 
(m, 6H), 4.15 – 3.93 (br, 1.3H), 3.93 – 3.72 (s, 0.7H), 3.03 – 2.82 (br, 0.6H), 2.82 – 2.62 
(br, 0.3H), 1.35 – 1.08 (br, 1.9H), 0.82 – 0.55 (br, 0.9H). 
13C NMR (126 MHz, CDCl3): δ 171.6, 132.9 (d, J = 10.1 Hz), 131.9, 128.7 (d, J = 12.1 
Hz), 127.8 (d, J = 89.2 Hz), 57.9, 30.0 (d, J = 127.7 Hz), 15.0. 
IR (ATR, neat, cm–1): 2977, 2901, 1483, 1436, 1399, 1371, 1329, 1120, 1104, 1061, 
890. 
Tm 126–128 °C 
Spectroscopic data are in agreement with those reported in literature [43].  
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Product 5b was synthesized in a similar manner as the product 5a. 
(2-oxo-2-(2-(trimethylsilyl)ethoxy)ethyl)triphenylphosphonium bromide (16b, 0.50 g, 
1.0 mmol, 1.0 equiv.) was dissolved in CH2Cl2 (10 mL) at 0 °C. NaOH (1 M, 5 mL) 
was added and the reaction mixture was stirred vigorously for 15 min at the same 
temperature. Layers were separated and aqueous layer was extracted with CH2Cl2 
(2 × 5 mL). Combined organic layers were dried (MgSO4), filtered, and concentrated in 
vacuo. The desired product 5b was obtained as a light pink oil (0.41 g, 0.98 mmol, 
98% yield) and was used without further purification. 
 
Rotamers increased the complexity of the NMR spectrum. 
1H NMR (500 MHz, CDCl3) δ 7.69 – 7.61 (m, 6H), 7.56 – 7.50 (m, 3H), 7.48 – 7.41 
(m, 6H), 4.24 – 3.95 (br, 1.6H), 3.94 – 3.72 (br, 0.4H), 3.06 – 2.80 (br, 0.8H), 2.80 – 
2.63 (br, 0.2H), 1.13 – 0.81 (br, 1H), 0.54 – 0.20 (br, 0.5H), 0.10 – −0.06 (m, 7.1H), 
−0.07 – −0.22 (m, 1.9H). 
13C NMR (126 MHz, CDCl3) δ 171.9, 133.1 (d, J = 10.0 Hz), 132.0 (d, J = 2.9 Hz), 
128.8 (d, J = 12.1 Hz), 128.0 (d, J = 92.9 Hz), 60.0, 30.1 (d, J = 131.3 Hz), 18.0, −1.3. 
IR (ATR, neat, cm–1): 3057, 2950, 1610, 1436, 1384, 1326, 1247, 1102, 1058, 833. 
Spectroscopic data are in agreement with those reported in literature [44].  
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Product 5c was synthesized in a similar manner as the product 5a. 
(2-oxo-2-(2,2,2-trichloroethoxy)ethyl)triphenylphosphonium bromide (16c, 0.54 g, 
1.2 mmol, 1.0 equiv.) was dissolved in CH2Cl2 (10 mL) at 0 °C. NaOH (1 M, 5 mL) 
was added and the reaction mixture was stirred vigorously for 15 min. Layers were 
separated and aqueous layer was extracted with CH2Cl2 (2 × 5 mL). Combined organic 
layers were dried (MgSO4), filtered, and concentrated in vacuo. The desired product 5c 
was obtained as a light brown oil (0.45 g, 0.99 mmol, 99% yield). 
 
Rotamers increased the complexity of the NMR spectrum. 
1H NMR (500 MHz, CDCl3) δ 7.70 – 7.62 (m, 6H), 7.60 – 7.52 (m, 3H), 7.50 – 7.43 
(m, 6H), 4.72 (s, 1.2H), 4.50 (s, 0.7H), 3.19 (s, 0.3H), 3.15 (s, 0.3H), 2.86 (s, 0.2H), 
2.82 (s, 0.2H). 
13C NMR (126 MHz, CDCl3) δ 169.3, 169.2, 133.2 (t, J = 9.8 Hz), 132.5 – 132.2 (m), 
129.0 (t, J = 11.7 Hz), 127.6 (d, J = 92.3 Hz), 127.1 (d, J = 92.2 Hz), 97.8, 96.8, 73.2, 
73.0 (d, J = 3.4 Hz), 31.6 (d, J = 4.7 Hz), 30.6. 
IR (ATR, neat, cm–1): 3057, 1634, 1436, 1375, 1326, 1094, 873, 809. 
Spectroscopic data are in agreement with those reported in literature [45]. 
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4.13 Synthesis of ethyl (S)-4-((tert-butoxycarbonyl)amino)-3-oxo-5-phenyl-2-
(triphenyl-λ5-phosphaneylidene)pentanoate (6a) 
 
N-(tert-butoxycarbonyl)-L-phenylalanine (Boc-Phe-OH) (4a, 0.25 g, 0.94 mmol, 
1.0 equiv.) was dissolved in CH2Cl2 (4 mL) at 0 °C. DIPEA (0.33 mL, 1.9 mmol, 2.0 
equiv.) and PyAOP (0.54 g, 1.0 mmol, 1.1 equiv.) were added and resulting yellow 
solution was stirred for 60 min at 0 °C. Ethyl 2(triphenyl-λ5-phosphaneylidene)acetate 
(5a, 0.36 g, 1.0 mmol, 1.1 equiv.) was added and the mixture was stirred for 26 h at 
room temperature. Resulting orange solution was diluted with CH2Cl2 (100 mL), 
washed with citric acid (aq. 10%, 25 mL) and NaHCO3 (sat. aq., 25 mL). Organic layer 
was dried (MgSO4), filtered and concentrated in vacuo. The crude product was purified 
by column chromatography (SiO2, hexanes/EtOAc 2:1 to 3:2) to give the desired 
product 6a as a white solid (0.45 g, 0.75 mmol, 80% yield). 
Rf 0.4 (SiO2, hexanes/EtOAc = 1:1), 0.2 (SiO2, hexanes/EtOAc = 2:1) 
1H NMR (500 MHz, CDCl3) δ 7.71 – 7.61 (m, 6H), 7.56 – 7.50 (m, 3H), 7.48 – 7.40 
(m, 6H), 7.24 – 7.09 (m, 5H), 5.80 – 5.69 (m, 1H), 5.27 (d, J = 9.0 Hz, 1H), 3.90 – 3.79 
(m, 1H), 3.78 – 3.69 (m, 1H), 3.40 (dd, J = 13.6, 4.8 Hz, 0.8H), 3.33 (br, 0.2H), 2.80 
(dd, J = 13.6, 8.0 Hz, 0.8H), 2.65 (br, 0.2H), 1.32 (s, 6.8H), 1.23 (s, 2.2H), 0.72 (t, J = 
7.1 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 194.1 (d, J = 3.6 Hz), 193.6, 166.8 (d, J = 14.3 Hz), 
155.4, 155.1, 138.3, 133.2 (d, J = 9.9 Hz), 131.7, 129.8, 128.5 (d, J = 12.5 Hz), 127.9, 
126.2 (d, J = 93.4 Hz), 125.9, 78.8, 78.3, 69.70 (d, J = 109.2 Hz), 58.7, 57.5, 56.5, 56.4, 
41.4, 39.8, 28.4, 28.1, 13.8. 
IR (ATR, neat, cm–1): 3441, 1705, 1645, 1581, 1497, 1439, 1268, 1167, 1105, 1087, 
1015. 
HRMS (ESI-TOF, m/z) calcd. for C36H39NO5P [M+H]
+ calc.: 596.2556; Found: 
596.2549. 
Tm not measured* 
[α] not measured* 
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Boc-Arg(Z)2-OH (3a, 0.15 g, 0.28 mmol, 1.0 equiv.) was dissolved in CH2Cl2 (1.2 mL) 
at 0 °C. DIPEA (0.14 mL, 0.83 mmol, 3.0 equiv.) and PyAOP (0.17 g, 0.33 mmol, 
1.2 equiv.) were added and the resulting yellow solution was stirred for 20 min at 0 °C. 
Ethyl 2-(triphenyl-λ5-phosphaneylidene)acetate (5a, 0.19 g, 0.55 mmol, 2.0 equiv.) was 
added and the mixture was allowed to warm to room temperature and stirred for 25 h. 
Orange solution was diluted with CH2Cl2 (40 mL), washed with citric acid (aq. 10%, 
10 mL) and NaHCO3 (sat. aq., 10 mL). Organic layer was dried (MgSO4), filtered and 
concentrated in vacuo. The crude product was purified by column chromatography 
(SiO2, hexanes/EtOAc 2:1 to 1:1) to give the desired product 6b as a colorless oil (0.20 
g, 0.23 mmol, 81% yield). 
Boc-Arg(Z)2-OH = N
ω,Nω'-bis((benzyloxy)carbonyl)-Nα-(tert-butoxycarbonyl)-L-arginine 
Rf  0.4 (SiO2, hexanes/EtOAc = 1:1), 0.1 (SiO2, hexanes/EtOAc = 2:1) 
1H NMR (500 MHz, CDCl3) δ 9.51 (s, 1H), 9.30 (s, 1H), 7.67 – 7.60 (m, 6H), 7.53 – 
7.46 (m, 3H), 7.41 (m, 5H), 7.39 – 7.22 (m, 10H), 5.38 (s, 2H), 5.27 – 5.17 (m, 2H), 
5.17 – 5.07 (m, 2H), 4.11 – 3.97 (m, 2H), 3.84 – 3.74 (m, 1H), 3.73 – 3.63 (m, 1H), 2.03 
(s, 1H), 1.80 (s, 1H), 1.71 (s, 1H), 1.50 (s, 1H), 1.36 (s, 9H), 0.71 (t, J = 7.1 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 194.7 (d, J = 3.9 Hz), 166.7 (d, J = 14.7 Hz), 164.2, 
161.0, 156.2, 156.1, 137.2, 135.0, 133.3 (d, J = 9.7 Hz), 131.9 (d, J = 3.0 Hz), 128.9, 
128.7 (d, J = 12.4 Hz), 128.5, 128.3, 128.0, 127.8, 126.2 (d, J = 93.3 Hz), 78.5, 69.5 (d, 
J = 110.6 Hz), 68.9, 67.2, 58.9, 56.0, 45.0, 32.0, 28.6, 25.5, 14.0. 
IR (ATR, neat, cm–1): 3387, 2979, 1710, 1663, 1606, 1484, 1437, 1367, 1247, 1087, 
1001. 
HRMS (ESI-TOF, m/z) calcd. for C49H54N4O9P [M+H]
+ calc.: 873.3628; found: 
873.3625. 
[α] not measured* 
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To the solution of Boc-Arg(Z)2-OH (3a, 0.50 g, 0.92 mmol, 1.0 equiv.) in CH2Cl2 
(2.5 mL), DIPEA (0.50 mL, 2.3 mmol, 3 equiv.) and PyAOP (0.58 g, 1.1 mmol, 
1.2 equiv.) were added at 0 °C and stirred for 30 min at the same temperature. In a 
separate vial (2-oxo-2-(2-(trimethylsilyl)ethoxy)ethyl)triphenylphosphonium bromide 
(16b, 0.92 g, 1.8 mmol, 2.0 equiv.) was dissolved in CH2Cl2 (2.5 mL), DIPEA 
(0.50 mL, 2.3 mmol, 3.0 equiv.) was added and the mixture was stirred for 30 min. 
Solutions were combined and stirred for 24 h at room temperature. Clear orange 
solution was diluted with CH2Cl2 (150 mL), washed with citric acid (aq. 10%, 20 mL) 
and NaHCO3 (sat. aq., 20 mL). Organic layer was dried (MgSO4), filtered and 
concentrated in vacuo. The crude product was purified by column chromatography 




Rf  0.6 (SiO2, hexanes/EtOAc = 1:1), 0.2 (SiO2, hexanes/EtOAc = 2:1) 
1H NMR (500 MHz, CDCl3) δ 9.52 (s, 1H), 9.29 (s, 1H), 7.68 – 7.60 (m, 6H), 7.53 – 
7.46 (m, 3H), 7.44 – 7.39 (m, 6H), 7.39 – 7.22 (m, 10H), 5.40 (s, 2H), 5.28 – 5.17 (m, 
2H), 5.16 – 5.07 (m, 2H), 4.16 – 4.06 (m, 1H), 4.04 – 3.94 (m, 1H), 3.83 (s, 1H), 3.68 – 
3.59 (m, 1H), 2.09 – 1.99 (m, 1H), 1.77 (s, 1H), 1.68 (s, 1H), 1.59 (s, 1H), 1.36 (s, 9H), 
0.39 (td, J = 13.2, 5.2 Hz, 1H), 0.29 (td, J = 13.2, 5.1 Hz, 1H), −0.13 (s, 9H). 
13C NMR (126 MHz, CDCl3) δ 194.7, 167.1 (d, J = 14.5 Hz), 164.2, 161.0, 156.3, 
156.0, 137.3, 135.1, 133.3 (d, J = 9.8 Hz), 131.8 (d, J = 3.0 Hz), 128.9, 128.7 (d, J = 
12.5 Hz), 128.5, 128.3, 128.0, 127.8, 126.2 (d, J = 93.5 Hz), 78.5, 69.5 (d, J = 109.6 
Hz), 68.9, 67.2, 61.0, 55.8 (d, J = 7.1 Hz), 45.0, 31.8, 28.6, 25.3, 16.9, −1.5. 
HRMS (ESI-TOF, m/z) calcd. for C52H62N4O9PSi [M+H]
+ calc.: 945.4024; Found: 
945.3984. 
IR not measured* 
[α] not measured*  
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To the solution of Boc-Arg(Z)2-OH (3a, 0.50 g, 0.92 mmol, 1.0 equiv.) in CH2Cl2 
(2.5 mL), DIPEA (0.50 mL, 2.3 mmol, 3 equiv.) and PyAOP (0.58 g, 1.1 mmol, 
1.2 equiv.) were added at 0 °C and stirred for 30 min at the same temperature. In a 
separate vial (2-oxo-2-(2,2,2-trichloroethoxy)ethyl)triphenylphosphonium bromide 
(16c, 0.98 g, 1.8 mmol, 2.0 equiv.) was dissolved in CH2Cl2 (2.5 mL), DIPEA 
(0.50 mL, 2.3 mmol, 3.0 equiv.) was added and the mixture was stirred for 30 min. 
Solutions were combined and stirred for 24 h at room temperature. Clear orange 
solution was diluted with CH2Cl2 (150 mL), washed with citric acid (aq. 10%, 20 mL) 
and NaHCO3 (sat. aq., 20 mL). Organic layer was dried (MgSO4), filtered and 
concentrated in vacuo. The crude product was purified by column chromatography 




Rf  0.6 (SiO2, hexanes/EtOAc = 1:1), 0.2 (SiO2, hexanes/EtOAc = 2:1) 
1H NMR (500 MHz, CDCl3) δ 9.51 (s, 1H), 9.29 (s, 1H), 7.72 – 7.64 (m, 6H), 7.50 (td, 
J = 7.3, 1.8 Hz, 3H), 7.42 (td, J = 7.7, 3.0 Hz, 6H), 7.40 – 7.21 (m, 10H), 5.50 – 5.42 
(m, 1H), 5.36 (d, J = 8.8 Hz, 1H), 5.28 – 5.18 (m, 2H), 5.15 – 5.05 (m, 2H), 4.61 (d, J = 
11.9 Hz, 1H), 4.18 (d, J = 11.9 Hz, 1H), 4.09 – 3.95 (m, 2H), 2.01 (d, J = 13.3 Hz, 1H), 
1.78 (s, 1H), 1.66 (s, 1H), 1.56 (s, 1H), 1.36 (s, 9H). 
13C NMR (126 MHz, CDCl3) δ 195.2, 164.5 (d, J = 15.3 Hz), 164.23, 160.9, 156.2, 
155.9, 137.2, 135.0, 133.2 (d, J = 9.8 Hz), 132.1 (d, J = 3.1 Hz), 128.9, 128.8 (d, J = 
12.8 Hz), 128.5, 128.4, 128.1, 127.9, 125.6 (d, J = 93.7 Hz), 95.9, 78.6, 73.1, 68.9, 68.8 
(d, J = 111.6 Hz), 67.2, 56.1, 44.9, 31.8, 28.6, 25.3. 
HRMS (ESI-TOF, m/z) calcd. for C49H51N4O9PCl3 [M+H]
+ calc.: 975.2459; Found: 
975.2446. 
IR not measured* 
[α] not measured*  
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4.17 Synthesis of diethyl (S)-6-(1-((tert-butoxycarbonyl)amino)-2-
phenylethyl)pyridine-2,5-dicarboxylate (11a) 
  
Solution of ethyl (S)-4-((tert-butoxycarbonyl)amino)-3-oxo-5-phenyl-2-(triphenyl-λ5-
phosphaneylidene)pentanoate (6a, 0.50 g, 0.84 mmol, 1.0 equiv.) in CH2Cl2 (20 mL) 
was ozonized (8 × 30-s intervals, 30-s breaks) at −78°C until the starting material was 
consumed (determined by TLC). Excess ozone was removed by purging the reaction 
mixture with nitrogen and was later allowed to warm up to room temperature and 
concentrated in vacuo. 
In a separate vial, ethyl thiooxamate (18, 0.13 g, 1.0 mmol, 1.2 equiv.) was dissolved in 
EtOH (3.0 mL) under nitrogen atmosphere, hydrazine (35 µL, 1.0 mmol, 1.2 equiv.) 
was added and stirred for 45 min at room temperature. To this solution of 8a, ozonized 
product dissolved in EtOH (3.0 mL) was transferred. The reaction mixture was stirred 
for 2 h, then 2,5-norbornadiene (10, 0.85 mL, 8.4 mmol, 10 equiv.) was added under 
nitrogen atmosphere and heated to 60 °C for 20 h. The reaction mixture was cooled to 
room temperature, filtered through a plug of silica, washed with EtOAc and 
concentrated in vacuo. The crude product was purified by MPLC (SiO2, EtOAc in 
hexanes 0 to 25%) to give the desired product 11a as an oil (0.14 g, 0.32 mmol, 38% 
yield). 
Rf  0.7 (SiO2, hexanes/EtOAc = 1:1), 0.5 (SiO2, hexanes/EtOAc = 2:1) 
1H NMR (500 MHz, CDCl3) δ 8.24 (d, J = 8.1 Hz, 1H), 7.99 (d, J = 8.1 Hz, 1H), 7.25 – 
7.09 (m, 5H), 6.08 – 6.00 (m, 1H), 5.91 (d, J = 9.4 Hz, 1H), 4.47 (q, J = 7.1 Hz, 2H), 
4.41 – 4.30 (m, 2H), 3.18 (dd, J = 13.3, 5.8 Hz, 0.8H), 3.12 – 3.03 (m, 0.2H), 2.96 (dd, J 
= 13.3, 8.2 Hz, 0.8H), 2.92 – 2.85 (m, 0.2H), 1.45 (t, J = 7.1 Hz, 3H), 1.39 (t, J = 7.2 
Hz, 3H), 1.34 (s, 6.8H), 1.24 (s, 2.2H). 
13C NMR (126 MHz, CDCl3) δ 165.2, 164.5, 161.3, 155.2, 149.9, 139.5, 137.7, 129.8, 
128.2, 127.6, 126.4, 123.0, 79.2, 62.2, (54.9, 53.6), (44.3, 43.5), (28.5, 28.1), 14.4, 14.3. 
IR (ATR, neat, cm–1): 3356, 2981, 1711, 1696, 1521. 1446, 1366, 1311, 1246, 1233, 
1170, 1139, 1127, 1063, 1042, 1019, 761. 
HRMS (ESI-TOF, m/z) calcd. for C24H31N2O6 [M+H]
+ calc.: 443.2182; Found: 
443.2171. 
[α] not measured*  
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Solution of ethyl (S)-7-(2,3-bis((benzyloxy)carbonyl)guanidino)-4-((tert-
butoxycarbonyl)amino)-3-oxo-2-(triphenyl-λ5-phosphaneylidene)heptanoate (6b, 
0.50 g, 0.57 mmol, 1.0 equiv.) in CH2Cl2 (20 mL) was ozonized (6 × 30-s intervals, 30-s 
breaks) at −78°C until the starting material was consumed (determined by TLC). Excess 
ozone was removed by purging the reaction mixture with nitrogen and was later allowed 
to warm up to room temperature and concentrated in vacuo. 
In a separate vial, ethyl thiooxamate (18, 0.10 g, 0.74 mmol, 1.3 equiv.) was dissolved 
in EtOH (3.0 mL) under nitrogen atmosphere, hydrazine (25 µL, 0.74 mmol, 1.3 equiv.) 
was added and stirred for 30 min at room temperature. To this solution of 8a, ozonized 
product dissolved in EtOH (3.0 mL) was transferred. The reaction mixture was stirred 
for 1 h, then 2,5-norbornadiene (10, 0.60 mL, 5.7 mmol, 10 equiv.) was added under 
nitrogen atmosphere and heated to 60 °C for 20 h. The reaction mixture was cooled to 
room temperature, filtered through a plug of silica, washed with EtOAc and 
concentrated in vacuo. The rude product was purified by MPLC (SiO2, EtOAc in 
hexanes 5 to 25%) to give the desired product 11b as a colorless oil (95 mg, 0.13 mmol, 
23% yield). 
Rf  0.6 (SiO2, hexanes/EtOAc = 1:1), 0.4 (SiO2, hexanes/EtOAc = 2:1) 
1H NMR (500 MHz, CDCl3) δ 9.45 (s, 1H), 9.24 (s, 1H), 8.29 (d, J = 8.1 Hz, 1H), 7.99 
(d, J = 8.1 Hz, 1H), 7.41 – 7.27 (m, 10H), 5.92 (d, J = 9.4 Hz, 1H), 5.67 – 5.60 (m, 1H), 
5.26 – 5.17 (m, 2H), 5.16 – 5.07 (m, 2H), 4.50 – 4.39 (m, 2H), 4.34 (q, J = 7.1 Hz, 2H), 
4.08 – 3.90 (m, 2H), 1.88 – 1.73 (m, 3H), 1.64 – 1.54 (m, 1H), 1.43 (t, J = 7.1 Hz, 3H), 
1.39 (s, 9H), 1.34 (t, J = 7.1 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 165.2, 164.4, 164.1, 162.0, 160.7, 156.1, 155.8, 149.8, 
140.0, 137.2, 135.0, 128.9, 128.8, 128.5, 128.4, 128.1, 127.9, 127.0, 123.0, 79.3, 68.9, 
67.2, 62.3, 62.2, 52.7, 44.8, 34.7, 28.5, 25.8, 14.4, 14.3. 
HRMS (ESI-TOF, m/z) calcd. for C37H46N5O10 [M+H]
+ calc.: 720.3245; Found: 
720.3243. 
IR not measured*   
[α] not measured*  
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Solution of 2-(trimethylsilyl)ethyl (S)-7-(2,3-bis((benzyloxy)carbonyl)guanidino)-4-
((tert-butoxycarbonyl)amino)-3-oxo-2-(triphenyl-λ5-phosphaneylidene)heptanoate (6c, 
0.50 g, 0.53 mmol, 1.0 equiv.) in CH2Cl2 (20 mL) was ozonized (6 × 30-s intervals, 30-s 
breaks) at −78°C until the starting material was consumed (determined by TLC). Excess 
ozone was removed by purging the reaction mixture with nitrogen and was later allowed 
to warm up to room temperature and concentrated in vacuo. 
In a separate vial, ethyl thiooxamate (18, 92 mg, 0.69 mmol, 1.3 equiv.) was dissolved 
in EtOH (3.0 mL) under nitrogen atmosphere, hydrazine (22 µL, 0.69 mmol, 1.3 equiv.) 
was added and stirred for 1 h at room temperature. To this solution of 8a, ozonized 
product dissolved in EtOH (3.0 mL) was transferred. The reaction mixture was stirred 
for 1 h, then 2,5-norbornadiene (10, 0.54 mL, 5.3 mmol, 10 equiv.) was added under 
nitrogen atmosphere and heated to 60 °C for 21 h. The reaction mixture was cooled to 
room temperature, filtered through a plug of silica, washed with CH2Cl2 and 
concentrated in vacuo. The crude product was purified by MPLC (SiO2, EtOAc in 
hexanes 0 to 20%) to give the desired product 11c as a yellow oil (95 mg, 0.12 mmol, 
23% yield). 
Rf  0.7 (SiO2, hexanes/EtOAc = 1:1), 0.5 (SiO2, hexanes/EtOAc = 2:1) 
1H NMR (500 MHz, CDCl3) δ 9.45 (s, 1H), 9.23 (s, 1H), 8.27 (d, J = 8.1 Hz, 1H), 7.98 
(d, J = 8.1 Hz, 1H), 7.41 – 7.27 (m, 10H), 5.92 (d, J = 9.4 Hz, 1H), 5.72 – 5.64 (m, 1H), 
5.25 – 5.19 (m, 2H), 5.15 – 5.07 (m, 2H), 4.49 – 4.36 (m, 4H), 4.00 (t, J = 7.1 Hz, 2H), 
1.90 – 1.75 (m, 3H), 1.68 – 1.58 (m, 1H), 1.42 (t, J = 7.2 Hz, 3H), 1.38 (s, 9H), 1.18 – 
1.08 (m, 2H), 0.06 (s, 9H). 
13C NMR (126 MHz, CDCl3) δ 165.2, 164.4, 164.0, 162.1, 160.7, 156.1, 155.7, 149.7, 
139.6, 137.2, 134.9, 128.8, 128.7, 128.4, 128.3, 127.9, 127.8, 127.1, 122.9, 79.1, 68.8, 
67.1, 64.5, 62.1, 52.4, 44.7, 34.4, 28.4, 25.6, 17.4, 14.3, −1.4. 
HRMS (ESI-TOF, m/z) calcd. for C40H54N5O10Si [M+H]
+ calc.: 792.3640; Found: 
792.3651. 
IR not measured* 
[α] not measured*  
Andraž Oštrek: Modular synthesis of pyritides 
    63 




Solution of 2,2,2-trichloroethyl (S)-7-(2,3-bis((benzyloxy)carbonyl)guanidino)-4-((tert-
butoxycarbonyl)amino)-3-oxo-2-(triphenyl-λ5-phosphaneylidene)heptanoate (6d, 
0.40 g, 0.41 mmol, 1.0 equiv.) in CH2Cl2 (20 mL) was ozonized (6 × 30-s intervals, 30-s 
breaks) at −78°C until the starting material was consumed (determined by TLC). Excess 
ozone was removed by purging the reaction mixture with nitrogen and was later allowed 
to warm up to room temperature and concentrated in vacuo. 
In a separate vial, ethyl thiooxamate (18, 71 mg, 0.53 mmol, 1.3 equiv.) was dissolved 
in EtOH (3.0 mL) under nitrogen atmosphere, hydrazine (17 µL, 0.53 mmol, 1.3 equiv.) 
was added and stirred for 2 h at room temperature. To this solution of 8a, ozonized 
product dissolved in EtOH (3.0 mL) was transferred. The reaction mixture was stirred 
for 1 h, then 2,5-norbornadiene (10, 0.42 mL, 4.1 mmol, 10 equiv.) was added under 
nitrogen atmosphere and heated to 60 °C for 20 h. Reaction mixture was cooled to room 
temperature, filtered through a plug of silica, washed with CH2Cl2 and concentrated in 
vacuo. Crude product was purified by MPLC (SiO2, EtOAc in hexanes 0 to 20%) to 
give the desired product as a light brown oil (46 mg, 0.056 mmol, 14% yield). 
Rf  0.7 (SiO2, hexanes/EtOAc = 1:1), 0.5 (SiO2, hexanes/EtOAc = 2:1) 
1H NMR (500 MHz, CDCl3) δ 9.45 (s, 1H), 9.24 (s, 1H), 8.41 (d, J = 8.1 Hz, 1H), 8.03 
(d, J = 8.1 Hz, 1H), 7.41 – 7.27 (m, 10H), 5.85 (d, J = 9.4 Hz, 1H), 5.69 (t, J = 10.1 Hz, 
1H), 5.27 – 5.18 (m, 2H), 5.16 – 5.08 (m, 2H), 4.99 (d, J = 12.0 Hz, 1H), 4.86 (d, J = 
12.0 Hz, 1H), 4.51 – 4.41 (m, 2H), 4.05 – 3.96 (m, 2H), 1.88 – 1.73 (m, 3H), 1.69 – 
1.58 (m, 1H), 1.44 (t, J = 7.1 Hz, 3H), 1.38 (s, 9H). 
13C NMR (126 MHz, CDCl3) δ 164.2, 164.0, 163.2, 163.1, 160.7, 156.1, 155.8, 150.7, 
140.1, 137.2, 134.9, 128.9, 128.8, 128.5, 128.4, 128.0, 127.9, 125.1, 123.1, 94.6, 79.4, 
74.9, 68.9, 67.2, 62.3, 52.4, 44.7, 34.2, 28.5, 25.7, 14.4. 
HRMS (ESI-TOF, m/z) calcd. for C37H43N5O10Cl3 [M+H]
+ calc.: 822.2076; Found: 
822.2078. 
IR not measured* 
[α] not measured* 
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5 Conclusion 
The master thesis was focused on a synthesis of the trisubstituded pyridine core of the 
natural product pyritide A2. After the rethrosynthetic analysis, two synthetic routes were 
envisioned - substitution of the disubstituted pyridine ring to install the third substituent 
and the de novo synthesis of the heterocycle. Due to envisioned further peptide coupling 
reactions of the trisubstituded heterocyclic core, we had to choose appropriate 
protecting groups for two carboxylic groups, amino group and guanidino group.  
Minisci-type reaction with N-hydroxybenzimidoyl chloride esters was hoped to alkylate 
the pyridine and install the arginine-originating residue. Desired reactivity had not been 
observed with preliminary experiments; therefore, this route was not investigated 
further. 
The major part of the thesis was therefore dedicated to the de novo route. With a tri-step 
synthesis, starting from 2-bromoacetyl bromide, we prepared phosphonium ylides 
bearing carboxylic groups protected as ethyl, 2-(trimethylsilyl)ethyl and 
2,2,2-chloroethyl esters. They were further coupled with N-Boc phenylalanine (model 
system; only O-ethyl protected analogue) or Nα-Boc-Nω,Nω'-bis(Cbz) arginine (real 
system). Among the coupling reagents tested (EDC, CDI, HATU and PyAOP), PyAOP 
was found to be the most efficient, giving 40–83% yields. 
Coupled products, stabilized phosphonium ylides, were oxidized to reveal a masked 
vicinal trycarbonyl moiety. Among the oxidants used (O3, Oxone, NaIO4, mCPBA and 
Davis oxaziridine), ozone gave a full conversion of the starting material at −78 °C in 
CH2Cl2, while the other gave poor conversions under different conditions. Despite the 
slow oxidation, we could not minimize the formation of side products. Vicinal 
tricarbonyls could not be purified and were slowly decomposing; therefore, we used 
crude mixtures for further experiments. 
Trisubstituted pyridines were obtained from crude vicinal tricarbonyl compounds in 
one-pot procedure, that was not extensively optimized. Condensation with 
corresponding amidrazone, prepared in two steps from ethyl 2-amino-2-oxoacetate, 
yielded triazines. Their aza-Diels–Alder reaction with 2,5-norbornadiene obtained the 
desired 2,3,6-trisubstituted pyridines. Model system reached a moderate, 40% yield; 
however, the real system reached lower yields in the range of 14–26%.  
Since the pyridine core is in the middle of the total-synthesis path and both 
2-(trimethylsilyl)ethyl and 2,2,2-chloroethyl analogues usually exhibited lower yields in 
various steps, further optimizations are highly desired. Nevertheless, we proved that 
these compounds of interest are chemically accessible. 
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7 Appendix 
1H and 13C NMR spectra. 
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